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Summary 
Nano structural changes on the surface of the Plasmodium (P.) spp. infected red 
blood cells (IRBCs) have a profound importance on the pathobiology of human 
malaria. Knob-like protrusions have been reported on the surface of P. falciparum and 
P. malariae IRBCs whereas caveolae are found to be associated with P. vivax and P. 
ovale IRBCs. In particular, knobs of falciparum IRBCs are the focal adhesion sites 
mediating the cytoadherence of IRBCs to endothelium aligning the capillary, which is 
thought to be one of the key mechanisms involved in malaria pathology. However, due 
to tedious sample preparation and technical limitations associated with previous 
studies, surface ultrastructural changes of the clinical IRBCs remains unclear. 
Moreover, as cytoadherence occurs in a highly hydrodynamic environment, the 
intrinsic kinetic properties of different ligand-receptor interactions are critical in 
determining their pathological functions, which remain poorly understood.   
 In this thesis, we developed a novel sample preparation protocol for combining 
Atomic Force Microscopy (AFM) scanning technique and different optical imaging 
techniques. Here, we comprehensively investigated the surface morphology of 
different strains as well as different species of human Plasmodium IRBCs and 
compared that with an animal model, Babesia bovis infection. Significant phenotypic 
differences between laboratory clones and clinical isolates of P. falciparum infection 
were found. Inparticular, knobs were not always associated with the surface of infected 
cells from clinical isolates, and the density of knobs was significantly higher in clinical 
samples than that in laboratory clones. In addision, distinct surface features of the 
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other species of Plasmodium as well as Babesia bovis infected cells were also revealed. 
A constant number of caveolae was found on the surface of all stages of P. vivax 
IRBCs whereas P. malariae IRBCs surfaces were covered by numerous ‘knob-like’ 
structures. The number of ‘ridges’ on the surface of B. bovis IRBCs correlated 
positively with the strain virulence, suggesting a ‘surface structure’ dependant 
mechanism determining the severity of the disease.   
We also applied the single molecular force spectroscopy technique to quantify 
the dynamic force spectra and characterize the intrinsic kinetic parameters for specific 
ligand-receptor interactions involved in cytoadherence of P. falciparum infection. 
Temperature was found to play an important role in affecting the dissociation rates as 
well as free energy barrier width of different ligands binding to IRBCs. Results from 
the comparison of CD36 with TSP (both being endothelial receptors that have binding 
affinities for the malaria exported proteins expressed at the knob) at physiological 
temperature showed that CD36 mediated interaction was much more stable than that 
mediated by TSP, although TSP-IRBCs interaction was stronger than CD36-IRBCs 
interaction in the fast pulling rate regime. This suggests that TSP may initiate the cell 
adhesion process by catching the fast flowing IRBCs whereas CD36 functions as the 
major ‘holder’ for providing stable binding. 
Our study should provide valuable information on the structure-property-function 
relationship and the biophysical and pathological functions of host receptors and 
parasite ligands, which will help to identify therapeutic targets and to develop novel 
drug candidates to reduce the morbidity and mortality burden caused by malaria. 
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Chapter 1 Introduction 
 
In 2005, the World Health Organization (WHO) reported that 3.2 billion people 
(more than 40% of the world’s population) living in 107 countries were under the 
threat of malaria infection (WHO, 2005). Despite concerted efforts to combat malaria 
over the past century, it still remains the most serious parasitic disease of humans 
responsible for 350-500 million clinical infections and over 2 million deaths each year 
(Snow et al., 2005). This global health problem has been exacerbated since the 1960’s 
by the rapid increase in antimalarial and insecticide resistance. Therefore there is an 
urgent need for innovative ways to improve malaria therapy and prevention program. 
Although malaria has been subject to intense scientific investigations for over a 
century, many important questions regarding its pathogenesis remain unanswered. 
Recent multidisciplinary technical advances, including biophysical and 
nanotechnological approaches, could provide new and highly detailed insights into the 
pathobiology of malaria. Here, we use state-of-the-art atomic force microscopy (AFM) 
technology to address two biophysical questions in human malaria: surface 
morphological changes and biophysical characterization of cytoadherence in malaria 
infected erythrocytes. Our primary goal is to better understand the 
structure-property-function relationship involved in malaria pathology and the 
biophysical functions of host receptors and parasite ligands. We hope that this work 
will assist others in identifying vaccination targets as well as testing and developing 
novel drug candidates to reduce the morbidity and mortality burden caused by malaria. 
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1.1 Malaria Pathology 
The causative pathogen of malaria is a single-cell parasite of genus Plasmodium 
spp. that was first observed by Lavenran in 1880. Four species of Plasmodium spp. 
commonly infect humans: Plasmodium (P.) falciparum, P. vivax, P. ovale and P. 
malariae with the first two being most widespread (account for 95% of total infection) 
and P. falciparum being responsible for more than 90% of malaria related deaths.  
The following sections of this chapter will discuss the general aspects of malaria 
parasite biology with a focus on P. falciparum.  
 
1.1.1 Life Cycle of the Malaria Parasite 
The life cycle of the malaria parasite is shown in Figure 1.1. Infection in humans 
is initiated when an infected Anopheles spp. mosquito bites a human and injects 
parasites in the form of sporozoites into the peripheral circulation. The sporozoites 
first move to the liver where they hide and divide within 30 minutes of the infection. 
After several days, one sporozoite develops into an exoerythrocytic schizont 
containing thousands of merozoites. Upon the rupture of these exoerythrocytic 
schizonts, the released merozoites flow into the blood stream to infect red blood cells. 
Parasite invasion of red blood cells (RBCs) involves specific interactions between 
merozoite surface antigens and erythrocyte membrane proteins and unfolds in four 
steps: initial contact; reorientation and junction formation; deformation of host cell 
membrane and entry of merozoite; and resealing of erythrocyte membrane (Aikawa et 
al., 1978; Dvorak et al., 1975). Once within the host red blood cells, the merozoites 
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mature from the ring form to the trophozoites, and eventually develop to schizonts in 
about 48 hours. The erythrocytic development of Plasmodium spp. is fueled by the 
consumption of hemoglobin, and is characterized by tremendous structural changes to 
the cytoskeleton and RBC membrane (Figure 1.2). Rupture of the erythrocytic 
schizonts releases about 8-32 new merozoites back into the blood circulation, thus 
perpetuating the cycle of reinvasion and multiplication. Some invading merozoites do 
not divide, but differentiate into male (microgametocyte) and female 
(macrogametocyte) sexual forms which are destined to infect another mosquito when 
it feeds on the blood containing these sexual forms. 
 
 
Figure 1.1 Life cycle of malaria parasite. Adapted from (Miller et al., 2002) with 
permission. 
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Figure 1.2 The main stages of the asexual erythrocytic cycle of Plasmodium 
falciparum. Adapted from (Bannister and Mitchell, 2003) with permission. 
 
1.1.2 Pathogenesis of P. falciparum malaria 
Disease in human Plasmodium spp. infections is associated with the asexual 
erythrocytic cycle and not the liver stage. General pathogenic effects are hemolysis of 
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infected and uninfected RBCs due to schizont ruptures and spleen clearance (leading 
to anaemia); liberation of the parasite derived metabolites which inflame the host 
immunologic responses (manifesting as the characteristic periodic fever or paroxysms). 
In addition to these uncomplicted malaria symptoms, the Plamodium falciparum is 
also responsible for significant levels of severe disease which is though to be attributed 
to the following two aspects: 
1. P. falciparum can infect all stages of red cells, thus parasitemia (defined as the 
percentage of infected cells in the total blood volume) is considerably higher 
than the other three species, which may cause higher level of hemolysis and 
induce severe anemia. By contrast, P. vivax and P. ovale only infect 
reticulocytes which constitute less than 2% of the total blood volume. Whereas 
P. malariae only infects older red cells with the number even more limited. 
2. The unique sequestration or cytoadherence property of P. falciparum infected 
red cells may cause ‘mechanical’ vascular obstructions.   
It has been observed for over a century (Bignami and Bastianelli, 1889) that only 
early ring stage falciparum infected red cells appear in peripheral circulation whereas 
trophozoites and schizonts stage infected cells are sequestered within the capillaries of 
various organs including heart, gut, liver, lungs, kidney and brain (MacPherson et al., 
1985; Miller, 1969). Such sequestration is mainly caused by the adherence of infected 
erythrocytes to the endothelial cells lining blood vessels, which is termed 
‘cytoadherence’. Clinical studies have shown positive correlations between the level of 
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cytoadherence in the cerebral blood vessels and the severity of the disease (Aikawa et 
al., 1992; Pongponratn et al., 2003).  
Cytoadherence is the survival strategy that falciparum parasites develop for 
lowering the chance of being recognized by antibodies and attacked by host defense 
system. Also it prevents infected RBCs (IRBCs) from passing through the spleen 
sinusoid where they would be cleared due to their loss of deformability. Furthermore, 
sequestration in deep microvasculature provides a microaerophilic venous 
environment which is more suitable for parasite development. However, to the human 
host, cytoadherence and subsequent accumulation of masses of late stage infected cells 
in the capillaries may obstruct microcirculatory blood flow, leading to metabolic 
dysfunction and locally diminished tissue perfusion and finally organ failure. The 
mechanism of cytoadherence will be discussed in more detail in the following section. 
 
1.2 Current Studies on Surface Morphology and Cytoadherence of IRBCs 
Two distinct types of surface structures have been observed over the surface of 
malaria infected RBCs: the ‘knobs’ of P. falciparum and P. malariae (some evidence 
suggests their presence on P. ovlae) and ‘caveolae’ of P. vivax and P. ovale (with one 
study suggesting caveole is also found on P. malariae IRBCs) (Atkinson and Aikawa, 
1990). Our current understanding of these structures is derived mainly from electron 
microscopy (EM) observations and there exists considerable discrepancies in the 
literature. This is most likely due to the technical limitations of EM studies as well as 
sampling variations or errors (lack of PCR confirmed speciation). In this section, 
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different techniques used for imaging surface morphology applied on falciparum will 
be reviewed and the corresponding limitations will be discussed. A brief introduction 
of surface features of P. vivax, P. malariae, P. ovale and Babesia bovis IRBCs will 
also be included in this section. 
 
1.2.1 Imaging Techniques for Surface Morphological Studies 
Studies on the surface morphology of malaria infected erythrocytes were first 
carried out using the transmission electron microscopy (TEM). The first published 
images of P. falciparum were obtained by Trager et al in 1966 (Trager et al., 1966). 
They successfully imaged the ultrastructure of the parasitized cells and identified 
electron-dense ‘knob’ structures existing on the infected cell membrane which were 
later demonstrated as the focal adhesion bridges between the cytoadherent infected 
cells and endothelium (Luse and Miller, 1971; Udeinya et al., 1981). Since then, 
researchers have developed detailed protocols for TEM imaging and subsequent 
studies have been carried out on the other malaria species (Aikawa, 1966; Aikawa et 
al., 1975; Atkinson and Aikawa, 1990). TEM imaging has provided a better 
understanding of the merozoite invasion process (Aikawa et al., 1978; Ladda et al., 
1969; Langreth et al., 1978b), and how the parasite develops a complex network 
(parasitophorous vacuole membrane (PVM) and tubovesicular membranes (TVM)) 
structure for protein trafficking (Aikawa, 1971; Langreth et al., 1978a), and how some 
drugs act on the IRBCs and change the cell ultrastructure (Jacobs et al., 1987; Maeno 
et al., 1993). Combined with immunogold labeling which is often refered to as 
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immunoelectron microscopy technique, TEM can also provide some information on 
the locations of certain proteins and even the trafficking route of the parasite-derived 
proteins from the parasite to the host cell membrane (Cooke et al., 2004a). For the 
above reasons, TEM has become one of the most popular imaging tools in studying the 
ultrastructure of infected cells from which surface morphology can also be derived. 
However, TEM imaging requires tedious and destructive sample preparation. The 
samples have to be dehydrated and fixed and sliced down to 50-100nm thickness to 
allow the electrons penetration. In such a situation, one can only assess part of the 
surface structure from the cross sectional scanning, which may provide incomplete or 
even misleading information. 
Another extensively used technique is scanning electron microscopy (SEM), 
which provides more detailed surface images of the sample than TEM. A 
comprehensive study on the surface morphology of falciparum IRBCs was performed 
by Gruenberg et al in 1983 (Gruenberg et al., 1983). They compared the SEM images 
of different stages of infected cells and found the number and density of knob 
structures changed. This is the first study focusing on quantitative correlation 
comparison between the surface morphology and parasite development. Although 
SEM overcomes the cross section problem in TEM, it still requires considerable 
sample modifications such as carbon coating for nonconductive biological samples as 
well as thorough dehydration. Additionally, the stage identification of parasites in 
SEM studies is based indirectly on population selection (assuming the cell sampled is 
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representative of the population) however there will still be uncertainty regarding the 
exact stage of the particular cell examined.      
Instead of dehydration and fixation in the sample preparation for traditional EM 
scanning, one can choose to rapidly freeze the sample and cut it into pieces for Freeze 
Fracture microscopy imaging. Aikawa et al (Aikawa et al., 1981) were the first to 
introduce the technique into the study of malaria IRBCs. They demonstrated the 
appearance of intramembrane particles (IMPs) during the freezing process which were 
invisible in the standard sample preparation methods and how these IMPs formed and 
changed during merozoite invasion. Later Allred et al (Allred et al., 1986) repeated the 
experiments on mature stage IRBCs and found that the IMPs redistributed during the 
parasite infection. The disadvantage of this technique is that ice crystals may form and 
cause damage to the cell structure. Moreover, similar to that of SEM, this technique 
does not provide stage information.   
In order to image the cells at the same resolution as EM but with less 
modification through sample preparation, AFM has recently been introduced in 
malaria surface morphology study. Aikawa et al (Aikawa et al., 1996) obtained the 
first AFM images of knobs on unfixed IRBCs in near native states. Nagao et al (Nagao 
et al., 2000a) reproduced the beautiful images and extended the capability of AFM by 
combining with fluorescence microscopy and quantified the density and size of knobs 
at different well defined parasitic stages. These pioneering studies presented the 
advantage of AFM imaging compared to traditional EM imaging in the sense of 
imaging environment and the capability of 3D reconstruction. Unfortunately, a fast yet 
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effective sample preparation protocol has not been established and standardized and no 
systematic studies on comparing different laboratory and clinical strains have been 
conducted.  
 
1.2.2 Surface Morphological Studies on the other Plasmodium spp. IRBCs 
Although P. vivax infections are rarely fatal, it is the most wildly distributed 
malaria species and is responsible for significant morbidity throughout Southeast Asia.  
The surface morphological features of P. vivax IRBCs are interestingly 
distinctive from that of P. falciparum. Invaginations or caveolae instead of knobs were 
found on the surface of P. vivax infected cells from TEM observation. These caveolae 
were found to be associated with vesicles in an alveolar fashion, therefore the unique 
structure was termed caveolae-vesicle complex (CVC) (Aikawa et al., 1975). Early 
reports speculated the CVC structure being the ultrastructural counterpart to 
Schuffner’s stippling, which are characteristic multiple dark red dots appearing in 
Romanowsky-stained thin films under optical microscopy (Aikawa et al., 1975; 
Udagama et al., 1988). Caveolae structures commonly exist on the plasma membrane 
of many types of mammalian cells, especially endothelial cells. They are usually 
involved in endocytosis and it is reasonable to assume that CVC in P.vivax have a 
similar function, as reticulocytes are known to possess endocytosis machinery and 
either host membrane proteins or parasite-derived proteins were found in vesicles by 
immunoelectron microscopy (Aikawa et al., 1975). A recent study reported the 
existence of caveolins-2 and caveolins-3 in CVC structure which are usually the major 
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components found in caveolae of human cells. This provided further evidence that 
caveolae in P. vivax may function similarly in humnas as in the other types of 
mammalian cells (Bracho et al., 2006). Unfortunately, no proper control showed the 
absence of caveolae structures from reticulocyte host cells and only indirect evidences 
implied the correlation between Shuffner’s dots and CVC. Furthermore, due to 
technical limitations, neither a full report on size and distribution nor information on 
stage specificity of caveolae is available. 
There are three reports on the surface features of P. malariae IRBCs. Smith et al. 
(Smith and Theakston, 1970) provided the first report on the ultrastructure of the 
malariae IRBCs which clearly showed densely distributed knobs on the surface of 
trophozoite and schizont stage IRBCs. A later study by Atkinson et al. (Atkinson et al., 
1987) described in detail the surface as well as internal structures of Plasmodium 
malariae IRBCs isolated from a naturally infected patient. This study agreed with 
Smith et al., (Smith and Theakston, 1970) showing that the surfaces of trophozoite, 
schizont and gametocyte IRBCs were found to be covered by electron dense knobs 
measuring 34-57nm high and 65-98nm in base diameter, which appeared higher but 
smaller than knobs on falciparum IRBCs. Aside from knobs, caveolae with an electron 
dense base were also shown (Atkinson et al., 1987). A later study, however, showed 
completely different results (Mackenstedt et al., 1989), finding no knobs, but only 
caveolae. The authors argued that the difference might derive from sampling variation. 
However, previous studies did not report confirmation of the species by molecular 
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approaches, and it is likely the samples were falsely identified due to cross species 
infection.  
A limited number of studies conducted on the ultrastructural changes on the 
surface of erythrocytes infected with P. ovale suggested that both electron dense knobs 
and caveolae-vesicle complex exist on ovale IRBCs (Aikawa et al., 1977; Matsumoto 
et al., 1986). CVC appeared to be similar to those seen with the P. vivax, which were 
formed along the host cell plasma membrane, probably corresponding to Schuffner’s 
dots. Nodules were also observed on the erythrocytes infected with asexual parasites of 
P. ovale. These nodules had only been described in one case of naturally acquired P. 
falciparum (Matsumoto et al., 1986). 
 
1.2.3 Surface Morphological Studies on Babesia bovis IRBCs 
Babesia bovis is a tick-transmitted intraerythrocytic parasite of cattle. This 
parasite develops in a similar manner to Plasmodium falciparum infections, and also 
has the ability to cause cerebral diease (reffered to as cerebral Babesia) in which 
masses of parasitized cells are found to be sequestered in the capillaries with help of 
IRBC surface protrusions. Such functional and structural similarities have attracted 
researchers to explore cytoadherence related pathophysiology of P. falciparum by 
studying Babesia bovis as an in vitro animal model (Allred and Al-Khedery, 2004; 
O'Connor et al., 1999; Schetters and Eling, 1999).  
The surface protrusions of B. bovis IRBCs appeared stellate shaped without 
electron-dense materials beneath from TEM observation, and has been shown as the 
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focal adhesion sites between IRBCs and endothelium in the cytoadherence occurring 
in cerebral Babesia (Aikawa et al., 1985; Cooke et al., 2005; O'Connor et al., 1999). 
Further examination using freeze fracture electron microscopy revealed the elliptical 
or ridge-like shape of these protrusions appearing on the surface (Aikawa et al., 1985). 
The number of these structures seemed correlated with the virulence of B. bovis from 
the in vitro study (Aikawa et al., 1985). More recently, Aikawa et al applied AFM and 
surface potential microscopy in a Babesia bovis study, and examined surface 
morphology as well as measured electrostatic properties of surface membrane (Aikawa 
et al., 1997). In that study, the authors concluded knobs on unfixed Babesia bovis 
IRBCs consisted of two subunits, and measured a positive charge of 20mV on knobs 
in contrast to the rest of the surface of the erythrocyte which is negatively charged. 
This conclusion was strikingly similar to their observations on falciparum IRBCs 
using the same technique which was demonstrated as a possible artefact due to tip 
geometry (Aikawa, 1997a). Therefore, further studies are needed to verify their 
findings. In addition, the surface morphology of B. bovis of different strains at 
different stages still remains unclear. 
 
1.2.4 Molecular Mechanism of Cytoadherence of P. falciparum IRBCs 
Direct evidence of cytoadherence originates from histological examinations of 
the microcirculation in blood vessels from cerebral malaria patients in which large 
amounts of late stage parasitized cells accumulate and sequentially perturb or fully 
obstruct the blood flow (Figure 1.3). A close look at these cytoadherent infected cells 
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using TEM reveals that the ‘knob’ structures are the focal adherent points via which 
the infected cell contacts with the endothelial cells lining the blood vessel (Figure 1.4). 
These surface protrusions are suggested to be utilized by the parasite to enhance 
binding efficiency under hydrodynamic flow (Korn and Schwarz, 2006). Based on 
numerous studies which have examined the components of knobs and the receptors 
expressing on the surface of endothelial cells in different organs, Cooke et al. (Cooke 
et al., 2000) sketched a comprehensive illustration to present possible arrays of 








Figure 1.4 TEM image of junctions between a parasitized red cell (P) and an 
endothelial cell (EC). The image is taken from (Fujioka and Aikawa, 1996) with 
permission. Bar=1µm. 
obstructed by parasitized RBCs from a cerebral malaria patient (Caramello) 
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Figure 1.5 Schematic representation of the diverse array of molecules involved in the 
cytoadherent interactions between P. falciparum IRBCs and host cells. Reproduced 
from (Cooke et al., 2000) with permission. 
 
a) Parasitic ligands: 
i.) PfEMP-1 
Almost all cytoadherence is mediated via the parasite derived protein 
Plasmodium falciparum Erythrocyte Membrane Protein 1 (PfEMP-1) (Leech et al., 
1
m
urface of knobs. PfEMP-1 is insoluble in nonionic detergent but very sensitive to 
proteases, which indicates it is linked to the RBC skeleton. Indeed it was shown that 
PfEMP-1 is anchored to the cytoskeleton molecules via another parasite derived 
protein known as KAHRP (Knob-associated Histidine-rich Protein) (Oh et al., 2000; 
984; Magowan et al., 1988), which has been identified as a strain specific, large
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Voigt et al., 2000; Waller et al., 1999). Being a large molecular weight protein, 
PfEMP-1 has multi domains that interact with different endothelial receptors, as 
shown in Figure 1.5 and Figure 1.6. Also, in order to escape from immune detection, 
the protein is encoded by a highly varied family of var genes (Su et al., 1995). It has 
been clearly shown that about 50-150 variances of var genes can be expressed in one 
population but only one is activated at a time on a single cell and the switching rate is 
rather fast, about 2% per generation (Biggs et al., 1991; Roberts et al., 1992). Changes 
in the expression of PfEMP-1 in different strains have been linked to alteration in 
adhesion phenotypes to different receptors in various organs and may lead to different 
levels of virulence (Montgomery et al., 2007; Newbold et al., 1999).  
 
 
Figure 1.6 Different domains and proposed adhesion properties in PfEMP-1 sequence. 
The image is taken from (Kraemer and Smith, 2006) with perm
 
ission. 
ii.) Modified Band 3 (Pfalhesin) 
Band 3 is the most abundant ion channel integral protein existing on the plasma 
membrane of healthy red blood cells. During P. falciparum parasite invasion and 
maturation, Band 3 somehow undergoes conformational and functional changes and 
nd thus  1999). 
 
was shown to be able to interact with TSP and CD36 expressed on endothelial cells 
 may mediate cytoadherence (Crandall and Sherman, 1994; Eda et al.,a
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in uding thrombospondin (TSP) (Roberts et al., 1985), 
CD36
992), 
sion molecule 1 (VCAM-1) (Ockenhouse et al., 1992), 
plate
has been suggested band 3 residues
ected cells but exposed probably by oxidation or calcium influxes during parasite 
development are the binding sites. It was shown that the antibodies designed against 
such sequences were able to block cytoadherence in a dose dependent manner both in 
vitro and in vivo. These sequences were termed pfalhesin (Sherman et al., 2003).  
However, band 3 distributes all over the cell surface, including areas on and 
outside the knobs, except for a ring band region near the base of knobs (Allred et al., 
1986). This indicates the adhesion mediated by band 3 unnecessarily occurs at knobs.   
iii.) Other possible ligands 
Other potential ligands that might be involved in cytoadherence include 
phosphatidylserine (PS) (Eda and Sherman, 2002), clag 9 (Trenholme et al., 20
strin (Ockenhouse et al., 1991b) and Pf332 (Udomsangpetch et al., 1989).  
b) Host receptors: 
A wide range of endothelial receptor molecules have been proposed to be 
volved in cytoadherence, incl
 (Barnwell et al., 1989; Ockenhouse et al., 1989), intercellular adhesion 
molecule-1 (ICAM-1) (Berendt et al., 1989), chondroitin sulfate A (CSA) (Rogerson 
et al., 1995), P-selectin (Ho et al., 1998), E-selectin (Ockenhouse et al., 1
vascular cell adhe
let-endothelial cell adhesion molecule-1 (PECAM-1) (Treutiger et al., 1997) and 
possibly αVβ3 (Siano et al., 1998). The distributions and activation of these receptors 
are different from organ to organ and from patient to patient, which may contribute to 
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different clinical phenotypes such as cerebral malaria and placental malaria 
(Ockenhouse et al., 1991a). 
i.) CD36 
Cell differentiation antigen CD36, also known as platelet membrane glycoprotein 
IV (GPIV), is an 88 kDa integral membrane glycoprotein broadly expressed on the 
surface of many cell types including platelets, microvascular endothelium, 
monocytes/macrophages, epithelial cells and skeletal and cardiac muscle cells (El 
Khoury et al., 2003; Febbraio et al., 2001). It consists of two extracellular loops, a 
me ciated region, and two membrane-spanning regions at both termini 
(Gree
mbrane-asso
nwalt et al., 1992). Physiologically, CD36 is a receptor for the extracellular 
matrix proteins, collagen, TSP and lipoprotein of various densities (Calvo et al., 1998). 
CD36 was first identified as a major host receptor to P. falciparum IRBCs by 
Ockenhouse et al (Ockenhouse et al., 1989). The role of CD36 in cytoadherence was 
inferred from its coincidental presence on various cell types that supported IRBCs 
binding. Later studies using purified CD36 and monoclonal anti-CD36 antibody 
OKM5 confirmed the role of CD36 as a receptor for IRBCs (Barnwell et al., 1985; 
Oquendo et al., 1989). The binding sites were identified in amino acids (aa) 139-184 
and probably aa 8-21 and 97-110 (Asch et al., 1993; Baruch et al., 1999). Furthermore, 
a site-directed, single mutagenesis of the histidine to tyrosine at position 242 of human 
CD36 sequence (rodent CD36) showed the importance of that residue in the 
conformation of the IRBC binding domains of CD36 (Serghides et al., 1998). IRBCs 
bound to CD36 under physiological flow conditions by firm, static attachment (Cooke 
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et al., 1994) whereas co-expression of CD36 and ICAM-1 had a synergistic effect on 
IRBC binding (McCormick et al., 1997), indicating that cytoadherence in vivo may 
most likely result from the overall effect of several interactions between IRBCs and 
endothelial receptors (Newbold et al., 1997; Yipp et al., 2007). 
Immunoelectron microscopy observation suggested that CD36 bound 
specifically to the knobs of IRBCs (Nakamura et al., 1992). Most wild isolates 
investigated in vitro bound to CD36 (Hasler et al., 1990), and the most common ligand 
appeared to be PfEMP-1, especially the CIDR domain of PfEMP-1 (Baruch et al., 
1996). Some studies also suggested CD36 can bind to pfalhesin (Crandall et al., 1994; 
Crandall and Sherman, 1996) or Sequestrin (Ockenhouse et al., 1991b) or PS (Eda and 
Sherm
 in vivo pathological contribution of CD36 in falciparum malaria 
infec
an, 2002). 
On the other hand, little expression of CD36 in brain and abundant expression of 
CD36 on the surface of macrophage cells support the protection hypothesis, in which 
some researchers believe that CD36 may direct PRBCs to sequester in skin and muscle 
to avoid sequestration in vital organs and mediate clearance through macrophages to 




TSP is a secreted glycoprotein consisting of 3 identical 150 kDa subunits, linked 
to each other by disulphide bonds. It can be found in the extracellular matrix and 
within platelet granules, as well as on the surface of endothelial cells, macrophages 
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and melanoma cell-like C32 cells. It is a multifunctional, multidomain protein and has 
been shown to play an important role in cell-cell and cell-matrix interactions by 
binding to different ligands such as CD36, heparin, fibrinogen, collagen, LDL 
recep
ntified as another possible ligand in the binding 
tor-related protein, CD47 or sulfatide (Bornstein, 1995; Bornstein and Sage, 1994; 
Lahav, 1993). Nearly all laboratory clones and clinical isolates collected from malaria 
patients after a brief in vitro culture, adhere to TSP in static assays (Sherwood et al., 
1987). Electron microscopy study has provided evidence showing that soluble TSP 
attached to the surface of IRBCs specifically at knobs (Nakamura et al., 1992). 
Recently, the importance of TSP as a receptor in vivo was questioned by the finding 
that the strength of binding of IRBCs to TSP is possibly too low to allow interaction in 
a post capillary venule under flow conditions (Cooke et al., 1994), though some other 
researchers observed stable binding of IRBCs to TSP under similar flow conditions 
using vascular EC as a surface coating (Rock et al., 1988; Siano et al., 1997). More 
recently, it was suggested that soluble TSP might be capable of bridging 
parasite-induced membrane proteins on IRBCs and endothelial CD36 to enhance 
binding strength (Siano et al., 1997).  
PfEMP-1 has been suggested as the ligand for TSP as immobilized TSP has 
affinity with purified PfEMP-1 fragments from IRBCs surface (Baruch et al., 1996). 
However, IRBCs binding to TSP were insensitive to trypsin cleavage and not 
PfEMP-1 variant specific, indicating probably another molecule is the counterpart to 
TSP such as modified band 3 or Pfalhesin (Lucas and Sherman, 1998). ‘Flipped’ PS 
(Eda and Sherman, 2002) was also ide
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of TS
ve been shown to bind to in the case of placental malaria (Fried and Duffy, 
19  et al., 2007; Maruyama et al., 1985; Maubert et al., 1997). Also, many 
wild 
P which could be inhibited by annexin V (a PS binding protein and used as PS 
blocker). 
iii.) CSA 
CSA (chondroitin-4-sulfate) belongs to a non protein family of 
glycosaminoglycans (GAGs). In the context of malaria, clinical studies have suggested 
a particular role for CSA in mediating cytoadherence in placenta as it is expressed at 
high levels on the syncytiotrophoblasts lining the maternal blood sinusoids, where 
IRBCs ha
96; Gamain
isolates derived from placental malaria infections bind to CSA under static or 
flow conditions (Fried and Duffy, 1996), although some do not (Beeson et al., 1999). 
CSA can also be found on the vascular endothelium of the lung and the brain, 
indicating a possible role in the development of cerebral malaria (Prudhomme et al., 
1996). It has been shown a particular subgroup of var genes, var2CSA encoded 
PfEMP-1 is one of the predominant receptors on IRBCs involved in CSA binding as it 
was consistently upregulated in different parasite genotypes selected to bind CSA and 
the disruption of var2CSA gene led to loss of the CSA-binding phenotype (Duffy et al., 
2006; Reeder et al., 1999; Viebig et al., 2005). Interestingly, CSA-binding PfEMP-1 
encoded by the var2CSA gene lost the ability to bind to CD36 and vice versa (Gamain 
et al., 2002; Gamain et al., 2001). Besides, another small molecular weight novel 
surface protein was also suggested to be involved in adhesion mediated by CSA 
(Gowda et al., 2007).  
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iv.) Intercellular Adhesion Molecule-1 (ICAM-1, CD54 ) 
ICAM-1 belongs to the immunoglobuline (Ig) superfamily molecules, and is a 
glycoprotein of approximately 100 kDa (Imhof and Dunon, 1995). ICAM-1 is 
expressed on the surface of lymphocytes, monocytes, macrophages and the vascular 
endothelium. Under physiological conditions, ICAM-1 is the ligand for lymphocyte 
function-associated antigen-1 (LFA-1) (Staunton et al., 1990), and for macrophage-1 
an he adhesion between 
stimu
tigen (MAC-1) (Diamond et al., 1990), responsible for t
lated neutrophils and stimulated endothelial cells during inflammation. 
Furthermore, ICAM-1 can be present in a biologically active, soluble form in human 
serum (Gearing and Newman, 1993) and increased plasma levels of soluble ICAM-1 
were detected during acute phase of P. falciparum malaria infection, presumably 
upregulated by stimulation with tumor necrosis factor-alpha (TNF-α) or interleukin-1 
(IL-1). It was shown that the endothelium lining the blood vessels in brain showed the 
highest responsiveness to such an inflammatory stimulus (Willimann et al., 1995), 
indicating a correlation between the expression of ICAM-1 and cerebral malaria. This 
association is supported by results from a large case-control study in Kenya, where it 
was found the adhesion of IRBCs to ICAM-1 was highest in the cerebral malaria 
category, compared to asymptomatic control (Newbold et al., 1997). PfEMP-1 was 
identified as the principle receptor to ICAM-1 (Baruch et al., 1996). 
v.) Other receptors 
Other candidate receptors thought to be involved in IRBCs cytoahesion, are 
P-selectin (Ho et al., 1998; Senczuk et al., 2001), E-selectin (Ockenhouse et al., 1992), 
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VCAM-1 (Ockenhouse et al., 1992), hyaluronic acid (HA) (Beeson et al., 2000), 
heparan sulfate (HS) (Chen et al., 1998) and αVβ3 (Siano et al., 1998). However, these 
molecules’ functions in vivo are questionable as only a small portion of parasitized 
ce les and only minimal or no interactions were observed when 
clinic
lls bind to these molecu
al isolates were used. 
Figure 1.7 summarizes the distribution of different endothelial receptors and 
their roles in mediating cytoadherence occurring in different organs.   
 
Figure 1.7 Adhesive phenotypes and pathogenesis of Plasmodium falciparum malaria. 
The receptors shown in red are inducible and their expression levels are upregulated 
during acute malaria infection, and in vitro by exposure primarily to TNF-α. The 
image is adapted from (Serghides et al., 2003) with permission. 
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1.3 Objective and Scope of This Thesis  
In summary, the current understanding of P. falciparum IRBC surface 
morphology is mainly based on limited EM observations of samples largely derived 
from laboratory or primate adapted clones. Due to technical limitation of the 
techniques of EM, a comprehensive quantitative three-dimensional description of the 
surface structures of P. falciparum IRBCs is still unavailable. Although the recently 
developed AFM technique can help to obtain such information, only few applications 
of this technique for the examination of IRBCs have been reported and no standard 
and effective protocol is available. Except for P. falciparum, the surface 
characterization of the other Plasmodium spp. is limited and little is known about the 
relationship between the surface morphology of these species and their function or 
contribution to virulence. Despite the importance of cytoadherence to P. falciparum 
p  
measureme molecular 
interactions involved in the cytoadherence are still poorly understood.   
 
pathogenesis, most molecular studies of this phenomenon were based on qualitative 
opulation behavior and few studies focus on the quantitative single cell
nts. Therefore the biophysical mechanisms of the single 
1.3.1 Objectives 
In this thesis, we focus on applications of AFM for the study of malaria and the 
objectives are: 
a. To develop an effective protocol which combines optical and AFM imaging for 
the characterization of both internal and external structures of malaria IRBCs,  
 24
Chapter 1                                                                           Introduction 
b. To systematically investigate and quantify the surface morphology of different 
laboratory strains and clinical isolates of P. falciparum as well as to 
comparatively characterize the surface morphology of P. vivax, P. malariae, P. 
ovale and B. bovis using the above developed protocol, and 
c. To quantify the interaction forces of two major receptors (CD36 and TSP) versus 
living P. falciparum infected cells under different temperatures and loading rates 
and extract information of the binding kinetics for these interactions using the 
single molecular force spectroscopy technique. 
Our comparative studies will significantly improve current understanding of the 
Plasmodium spp. and Babesia bovis IRBC surface structures, providing new insights 
into the molecular mechanism of cytoadherence through the biophysical 
characterization of the ligand-receptor interactions involved in cytoadherence down to 
single molecular level. This study might facilitate the future development of effective 




were ules. Although the 
mole
states  a 
mode ell-cell system as the interaction 
 Scope of Project 
Within the scope of this study, the majority of molecular binding experiment
 conducted on living IRBCs instead of purified molec
theoretical model for molecule-cell system has not been well established as that of the 
cule-molecule system, the receptors on the surface of IRBCs were kept in native 
 and the overall effect of collaborative interactions could be studied. Such
l also avoids the complexity expected from a c
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could
 viable when the protocol has been 
estab shed. 
In the next chapter, we will briefly review the principles and applications of 
AFM technique in the context of versatility and relevance for surface morphological 
studies and single molecular force measurements.  
 be restricted on a single type of receptor that was conjugated to the AFM tip. 
Besides, only the interaction forces of two most common molecules involved in 
cytoadherence, CD36 and TSP were tested. Although CSA and ICAM-1 are also 
important receptors that may be involved in placental malaria and cerebral malaria, the 
laboratory binding strains for CSA and ICAM-1 are different from that binds to CD36 
and TSP. Further studies on these molecules are
li
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Chapter 2 Atomic Force Microscopy and Single-Molecule 
Force Spectroscopic Techniques 
 
Ever since the invention of the atomic force microscope (AFM) in 1986 by 
Binning and co-workers in IBM Research Laboratory (Binnig et al., 1986), AFM has 
been extensively applied in many fields of science. Not only can it image surfaces and 
molecules with nanometer resolution, but it can also be applied to measure molecular 
forces at the pico-newton scale. AFM has several advantages that make it particularly 
attractive to biologists. Firstly, it can yield high-resolution, three-dimensional 
visualization of living cells. As there is no need for staining or coating and no special 
requirement on the sample conductivity, samples can be easily prepared and examined 
in physiological conditions. Secondly, it enables the assessment of material properties 
and biophysical characterization of biological materials due to its ability to measure 
molecular level forces. The rapid development of AFM instrumentation and sample 
preparation methods have brought in large scale applications in biological science and 
revolutionized our knowledge in a broad range of interesting subjects. However, in the 
context of malaria research, the use of AFM technique is still relatively new to most 
researchers, and only a few applications have ever been reported. In this chapter, the 
basic principles of the AFM instrumentation will be introduced before focusing on its 
applications in imaging biological samples, in particular blood cells and measuring 
intermolecular binding forces at the single molecule level.  
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2.1 Instrumentation 
.1 Working principle 2.1
eam focused 
on the back of the cantilever and reflected towards a sensitive quadrant photodiode 
 
 
Figure 2.1 Schematic drawing of the basic components of an AFM. The laser beam 
from the laser diode shines onto the back of the cantilever where it is reflected to a 
mirror and then into a quadrant photodiode detector. The signals on the photodiode are 
sent to the feedback loop controlling the compression and expansion of the 
piezoscanner to maintain the interaction force between the tip and sample. The 
topographical image is obtained through one round of raster scanning (Lim et al., 
2005). 
 
AFM scans the surface of a sample by ‘feeling’ rather than ‘looking’. The core of 
the technique is a sharp tiny tip mounted at the end of a flexible cantilever which scans 
the sample surface in a raster scanning fashion. Precise lateral and vertical 
displacement of the sample with respect to the probe is achieved by a 
computer-controlled piezoelectric stage holding the sample, or conversely, the 
cantilever holder. During scanning, the interaction force between the tip and sample 
surface induces deflection of the cantilever which is recorded by a laser b
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detector. A feedback loop system monitors the signal on the photodiode and adjusts the 
scanner position to achieve a constant interaction between the tip and sample (Figure 
.1). The amount of feedback signal, measured at each scanning point of a 2D matrix, 
is displayed as an image representating the sample topography. 
 
2.1.2 Components 
There are three key components for a standard AFM setup: 
a) Force probe: 
The standard force probe consists of a flexible cantilever made from etched silicon 
or silicon nitride with a spring constant ranging from 0.01 to 100 N/m, and a tiny 
py t 
dep  is 
sui e 
eometry and the aspect ratio of the tip is critical in producing precise images (some 
common tip-induced artefacts are shown in Figure 2.3). Thus, a pre-check of the tip 
shape and the reproducibility of an image with different tips are necessary to minimize 
possible tip-induced artefacts.        
2
ramid or conical shaped tip with a height of a few to tens of um and a tip radius a
the apex of a few to hundreds of nm (Figure 2.2). Selection of tips for scanning will 
end on the sample and imaging conditions. Usually a flexible and sharp tip
table for high resolution imaging of biological samples. An understanding of th
g
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Figure 2.2 Different types of commercially available AFM tips. (A) Standard pyramid 
shaped contact mode tip. (B) High aspect ratio conical shaped tip for tapping mode. (C) 
Colloid bead attached tip for nanoindentation applications. (D) Super sharp carbon 
nanotube attached tip. (Courtesy of Veeco Instruments) 
 
 




Normal tip shape Double tip shape 
convolution effect, 
referred to as edge effect 
image due to double 
ct 
Broadened image with tip 
especially at edge, also 
Fault twin-feathered 
tip effe
Limited depth of field due 
to sample’s roughness and 
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b) Piez anner: 
Sample or tip positioning must be extremely precise to produce sub nm resolution 
images. This level of precision is achieved by the use of a piezoelectric scanner or in 
short, piezoscanner made from piezoceramics. Piezoceramics are a class of material 




The first generation of piezoscanner was tube shaped and consisted of two thin 
piezoelectric ceramic walls (Figure 2.5). Electrodes were attached to the internal and 
external faces of the tubes. The upper tube controls the motion in z direction and the 
other tube which is split into quarters controls the motions in x and y directions. A 
det pla  en 
giv lor, s design form  of scanner 
which can mani table precisio
ifferent size of tubes are available for different resolution imaging requirement). 
owever, it has been recognized that such design results in nonlinear pattern artefact at 
rge scan size as the motions in x and y directions are coupled with z-direction motion. 
osc
.  
0V +V -V 
Electrode 
Contracted Original shape Extended 
e 2.4 The effect of applied voltage on piezoelectric mater
 
ailed description of the dis
en in the literature (Tay
cement in response to
1993). Thi
the external voltage has be
s a single piece
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The signs split the x, y and z scanners into three independent pieces 
of p
refore, some new de





ure 2.5 AC Voltages applied to the different electrodes attached to the piezoelectric 
anner produce the scanning motions in X, Y and Z directions. (Courtesy of Veeco 
Instruments) 
 
c) Probe Motion Sensor 
This unit senses the deflection of the cantilever and provides a feedback signal to 
the piezoelectric scanner to adjust the deflection to a desired level. The most common 
design for this function is called a laser lever method which uses a laser to shine onto 
and reflect off the back of the cantilever and collects the magnified signal on a 
segmented photodiode detector. Because the cantilever-to-detector distance generally 
measures thousands of times the length of the cantilever, the optical lever method can 
greatly magnifies deflection of the cantilever to a factor of up to 2000-fold (Putman et 
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al., 1992). With this technique, sub-nm deflection of the cantilever can be detected 
which corresponds to a force level of a few pN if the spring constant of the cantilever 
is 10 pN/nm. This is sensitive enough to detect most biological processes.  
 
2.2 Methods and applications for topographical imaging 
The fundamental consideration of any imaging apparatus is how to generate and 
interpret contrast in imaging data based on certain properties. Contrast in AFM 
imaging usually comes from its measurement of height or topographical changes in 
morphological imaging. Besides, more specialized applications of AFM can detect 
contrast based on mechanical property measurements such as stiffness, stickiness and 
friction. Other surface properties such as magnetic, electrical or chemical properties 
can also be examined, but are indirectly deduced from interaction forces arising from 
pography of biological samples in d tions will be reviewed. 
2.2.1 Operation modes 
There are many imaging modes available when using AFM. Each mode has its 
advantages and disadvantages and some modes are only useful for a particular 
application. Here we review the two most important and widely used imaging modes, 
which are applied to generate all the images in this thesis. 
a) Contact mode 
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Contact mode is the most common and simplest operating mode of the AFM. It 
was the original imaging mode used when AFM was first invented (Binnig et al., 
1986). As the name suggests, the tip and sample remain in close contact as the 
scanning proceeds. The deflection of the cantilever (∆d in Figure 2.6) is sensed and 
k control loop. At each 
scan
 
flection of the cantilever is 
ns over the sample surface. 
nner position represents the surface topography. 
 
maintained at a constant predefined level by the feedbac
ning point, if the measured deflection is changed from the desired value due to 
topographical changes on the sample, the feedback control system adjusts the scanner 
position and moves the sample or tip in the appropriate direction to restore the pre-set 
value of deflection. The recorded scanner position is used as a measure of the real 
height of the features on the sample surface (Figure 2.7 A) whereas the change of 
cantilever deflection can be used to generate the error signal image or deflection image 
which gives a better 2D presentation of fine details of topography (Figure 2.7 B). The 
height image can be rendered into a 3D surface plot and the quantitative dimension 
information can be measured as shown in Figure 2.7 C and D. 
 
Figure 2.6 The working principle of contact mode. The de
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Figure 2.7 Typical presentations of AFM data of a calibration grid. (a) Height image. 
(b) Deflection image. (c) 3D surface plot. (d) Section analysis. 
 
Co de can be operated in both dry and wet conditions and high scan speeds 
can be obta lly, contact mode usu es higher resolution images 
than the other modes because of high signal to noise ratio. However, one major 
drawback associated with contact mode is that there exists large shear or lateral force 
o  
ontact force is ubstrate if the 




ined. Additiona ally produc
n the sample as the tip is ‘dragged’ over the specimen, no matter how gentle the
 controlled. This force may scrape the sample off the sc
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case of imaging biological samples, which are usually loosely bound to the substrate 
and easily damaged.  
b) Tapping mode 
In order to minimize the lateral contact force, tapping mode (also called 
intermittent contact mode) was developed (Zhong et al., 1993). This potent technique 
allows high resolution topographic imaging of sample surfaces that are easily 
deformed, loosely attached to their substrate, or difficult to image by other AFM 
techniques. In tapping mode, the cantilever is acoustically oscillated near its resonant 
frequency (on the order of kilohertz) by a piezo-actuator in contact with cantilever 
supporting chip. Starting from the free oscillation amplitude (tens to hundreds of nm), 
when the cantilever approaches and hits the sample, the oscillation amplitude is 
dampened and approach is stopped when the amplitude reaches a predefined value. 
During scanning, the tip ‘taps’ the surface for a very short time in each oscillation 
period (Figure 2.8) and the oscillation amplitude (∆A in Figure 2.8) is monitored and 
c  
easure surface features. In this manner, the tip still contacts the sample but at a very 
short period of time so that lateral forces are dramatically reduced. Thus, when 
imaging poorly immobilized or soft samples, tapping mode would be a better choice 
than contact mode.   
 
ontrolled as a constant, and feedback on changes in ∆A is used to identify and
m
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Figure 2.8 Working principle of the tapping mode. The cantilever is oscillated near its 
resonance frequency. The image is generated from scanner position by keeping the 
damped oscillation amplitude constant during scanning. 
 
One additional advantage with tapping mode is that besides displaying height 
image and amplitude image (resembles deflection image of contact mode), another 
channel of contrast called phase imaging is also available. This works by measuring 
the phase difference between the oscillations of the driving piezo-actuator and the 
detected oscillations of the cantilever. When the tip is in contact with the sample, the 
phase of oscillation is disturbed and is no longer precisely in phase with the driving 
oscillation. This is because the tip transfers a small amount of energy to the sample 
when the two touch dynamically, and the amount of energy transferred is dependant on 
the material properties of the sample such as viscoelasticity and adhesiveness. Though 
the information in a phase image can not be easily interpreted to quantify the material 
properties, it is sometimes useful to obtain extra contrast and reveal ‘hidden’ features 
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Figure 2.9 The principle of phase imaging. There exists phase shift between the 
oscillation of actuator and the oscillation of cantilever. When touching the surface, not 
only the amplitude of the cantilever is damped, but the phase shift also changes in 
response to the sample’s material properties. Such phase shift can be used as a contrast 
to generate an image where similar topography but different material properties can be 
distinguished. 
 
2.2.2 Sample preparation for cell imaging 
A crucial step for successful AFM imaging of biological specimens is sample 
preparation.  
To resist the lateral forces exerted by the scanning tip, the sample should be 
immobilized onto a flat and rigid substrate. Substrates such as mica, glass and graphite 
have proved to be suitable for biological sample imaging.  
a) Substrate 
Mica is a nonconducting layered mineral mainly composed of silicon, silicon 
oxide and some metal oxide. Its perfect cleavage property, atomically flat surface and 
stable surface chemistry makes it one of the most favored substrates for imaging 
biomolecules. The negatively charged mica surface at physiological pH can either 
phase shift 
A Aoutin Piezo actuator Canti
Oscil
funct
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directly attract po rged molecules or can be further  allow 
covalent bonding of the biomolecules. 
 or coverslips are another popular class of substrate, which are not as 
flat as mica but more suitable for cell imaging. Adherent types of cells such as 
endothelial cells can spontaneously grow and spread on a glass surface, which makes it 
easy to image such types of cells under physiological conditions without any further 
treatments. More to mica, the surface of glass is also negatively charged 
and l  
ontaminated with a thin organic lay  to be washed by ultrasonication in 
water or organic solvent or treated by a concentrated acidic solution.      
Sometimes a hydrophobic substrate is preferred to enhance the adsorption of 
hydrophobic biomolecules or minimize capillary layer formation when imaging is 
performed in ambient conditions. Highly orientated pyrolytic graphite (HOPG) is one 
such material. Spin coating of polymer or carbon can also produce a hydrophobic 
surface on hydrophilic substrates. 
To immobilize spherical nonadherent cells, especially microbial cells such as yeast 
and fungi, a porous membrane with a comparable pore size to the dimensions of the 
cells can physically immobilize or trap the cells in the pores and allow high resolution 
surface images (Touhami et al., 2004; Verbelen et al., 2006).  
 




 further modification with silanization is possible to bring new chemica
functional groups to the surface for further covalent binding. However, the cleaning of 
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b) Imaging in air 
One straightforward immobilization method is to drop the sample solution onto a 
subs
However, this method is dependant on the cell line 
used
es is poly-L-lysine. The 
polycationic nature of the molecule allows interaction with the anionic sites on the 
trate and leave the sample to dry in a vacuum desiccator or under nitrogen flow. 
To prevent collapse of cell structures due to the loss of water, chemical fixation of the 
cells using cross-linking agents such as glutaraldehyde or formaldehyde may be 
necessary. Both contact mode and tapping mode can be applied to image dried samples 
and the resolution can be fairly high because the sample is well immobilized and fixed 
after being dried. However, this approach is not physiologically preferred and may 
introduce artefacts from the dehydration process. Also, if the sample is dried in culture 
solution, the salt crystals from the solution will severely contaminate the sample 
surface.  
c) Imaging in fluid 
In order to study cell structures in conditions that are as close to the natural state of 
the cells as possible, working in liquid is generally required. Adherent types of cells 
(endothelial cells for example) can be directly grown on a substrate to achieve 
sufficient affinity and surface tension to withstand the applied scanning force (Matzke 
et al., 2001; Rotsch et al., 1997). 
 and often the adhesion is not strong enough. Thus, an appropriate coating of the 
substrate with adhesion molecules is a feasible approach which offers the advantage of 
allowing the sample to be directly imaged under liquid without the need for air-drying. 
One of the most commonly used nonspecific adhesive molecul
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cells resulting in enhanced adhesion to negatively charged mica or glass surfaces 
(Wo
2.2.3 Applications in imaging RBC surface 
The erythrocyte was one of the first mammalian cells imaged by AFM because of 
its relatively simple structure and convenience in sample preparation. In the pioneering 
works (Butt et al., 1990; Shao et al., 1996), the recognizable regular biconcave shaped 
erythrocytes were observed in low resolution; however, little subcellular detail was 
seen. The major problem of imaging erythrocytes at high resolution is due to the 
difficulties in cell immobilization and the tip-induced local deformation of the soft cell 
surface. To solve these two problems, surface modification of the substrate and 
fixation of the cells were developed. Poly-L-lysine coating was the most commonly 
used method to immobilize RBCs to the surface (Hategan et al., 2003; Scheffer et al., 
2001; Tuvia et al., 1997). It has been suggested that 1 mg/ml concentrations of 
poly-L-lysine coating can adhere RBCs to the substrate firmly while maintaining their 
discoidal shapes. However, Liu (Liu et al., 2003) compared different adhesives and 
lf and Gingell, 1983). Alternatively, extracts from extracellular matrix (ECM) 
such as fibronectin and collagen can also help cells to adhere to the substrates. In order 
to achieve specific and stronger affinity, another approach is to introduce cross-linking 
groups to facilitate chemical bonding between the sample and the surface. APTES 
(aminopropyltriethoxy silane) is the most commonly used chemical to silanize mica or 
glass surfaces and generate amine groups for further covalent bindings with different 
reactive groups on the sample surface (Karrasch et al., 1993).  
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concluded that poly-L-lysine was not ideal because of low affinity of the weak 
electrostatic interactions between poly-L-lysine and the cell surface. Thus he proposed 
that lectin would be the best adhesive as it binds to the surface carbohydrate moieties 
of the glycocalix from red blood cells with high affinity. As for fixation, air drying or 
fixative treatment can be applied to prevent deformation of the cells during scanning. 
With the tapping mode in air method, Zhang and coworkers (Zhang et al., 1995) 
mapped the surface structures of red cells down to nanometer resolution. With the help 
of glutaraldehyde fixation, normal erythrocytes in fluid condition were imaged and the 
underlying skeleton structures were clearly shown (Nowakowski et al., 2001). 
Comparison of the air drying and glutaraldehyde fixation showed no artefacts arising 
from dehydration, and the quantitative characterization was consistent between the two 
methods (O'Reilly et al., 2001).  
In addition to intact cells, ghost cells (lysed cells) and half cut-off cells have also 
been studied (Liu et al., 2003; Liu et al., 2005; Swihart et al., 2001). These studies 
focused on the native arrangement of cytoskeleton structures and have shown that the 
AFM images of spectrin network structures agreed well with the observations from 
electron microscopy, and moreover, provided additional information on the 
three-dimensional arrangement at native states. Interestingly, Liu proposed that AFM 
images of spectrin networks could be used as a measure of the stiffness of the cells, at 
least qualitatively (Liu et al., 2005).     
As the size and shape of human erythrocytes are important indicators of well being, 
AFM imaging can provide valuable information on the abnormality and pathology of 
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the cells in relation to various types of diseases. AFM images of erythrocytes taken 
from patients with hereditary spherocytosis revealed the abnormal spherical shapes of 
the cells and showed surface pseudopodia associated with this disorder (Zachee et al., 
1992). The peripheral blood of uremic patients contained crenated erythrocytes which 
reverted to normal shapes when the uremic plasma was washed away and replaced by 
normal blood plasma (Zachee et al., 1994). These shape changes were mainly due to 
the abnormality of the cytoskeleton structure and the abnormal osmotic pressure 
experienced by the cells. In the field of malaria research, AFM was applied as early as 
1996 (Aikawa et al., 1996). ‘Knob’ structures were consistently reported for both fixed 
and unfixed late stage infected cells (Aikawa, 1997b; Aikawa et al., 1996; Nagao et al., 
2000a; Nagao et al., 2000b; Rug et al., 2006) although the number and size of ‘knobs’ 
varied. Additionally, normal and infected red blood cell ghosts were shown to be 
diff
librium states measuring bulk properties. 
How
erent in the density of the spectrin network, which may be the cause of the 
stiffening of the infected cells (Garcia et al., 1997).  
 
2.3 Methods and application in force spectroscopy 
Cell-cell interaction mediated by ligand-receptor recognition plays a central role in 
regulating the proper functions of the cells such as signal transduction, cell migration 
and even cell death. The classical biochemical methods of studying interactions 
between biomolecules are performed at equi
ever, these techniques only apply to isolated molecules and cannot measure 
receptors expressed on the cell surface and exposed in their native environments. To 
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directly and quantitatively measure molecular forces involved in cell-cell interaction at 
the native state, the single molecular force spectroscopy derived from AFM is ideal 
due to its ability to operate in fluid conditions at physiological temperatures.  
Over the past decade, significant advances in theoretical and experimental 
applications of AFM to measure single molecular bond forces have been achieved. 
Based on the fact that the application of a force to an intermolecular bond will reduce 
the activation energy of the bond, and therefore facilitate bond dissociation, the 
characteristic force spectra associated with ligand-receptor interactions can be 
determined and the intrinsic energy landscape information can then be deduced.  
 
2.3.1 Sample preparation 
To acquire direct force measurement of the ligand-receptor pairs, it is first 
necessary to immobilize the ligand/receptor onto the AFM tip. There are several 
factors that should be considered for this purpose. First of all, the linking of the 
molecules to the AFM tip should be stronger than the ligand-receptor interaction to be 
measured. Secondly, the molecules attached to the probe should remain active after the 
chemical reactions required to functionalize the probe. Furthermore, the orientation of 
the molecules on the tip should be able to be free to adjust to fit in the pocket of the 
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Table 2-1 Summary of different surface modification and conjugation methods 
commonly used in AFM tip functionalization. 
Method Examples 
Physical 





3N4 tip surface. Absorbed BSA can be employed as a so
primary amine groups (Chang et al., 2005) or biotinylated B
a platform for avidin/streptavidin conjugated molecules (Chen and 
Moy, 2002). 
Amination of  
AFM tips 
To introduce primary amine groups directly to the bare tip surface, 
one can choose silanization by APTES (Stroh et al., 2004) or 
esterification by ethanolamine (Klein et al., 2003). Primary amines
are easily conjugated to other functional groups such as carboxylic 
acids, aldehyde and NHS ester. This makes it a good starting point 
for further steps. 
 
If the target molecule is easy to be biotinylated, 
biotin-avidin/streptavidin interaction can be employed to assist the 
conjugation (Chen and Moy, 2002). 
If the target protein has a His  tag (can be appended to the prim6 ary 
sequence of the recombinant protein), NTA-His6 (Conti et al., 
2000) strategy can be chosen to achieve site-directed and Ni2+ 




y-antigen (include antibodies against fused tags such as Fc 
and GST (Glutathione S-transferase)) can be useful for specific 
Antibod
recognition of target molecules and also binding site adjustable. 
Au against SH if SH terminals are available on the target molecule 
and the tip surface is coated with a thin layer of gold.  
NH2 against COOH linked by EDC if COOH terminals are 
available on the target molecule. 
NH2 against NH2 linked by BS  (Bis(Sulfosuccinimidyl) suberate, 
NH2 terminals (mainly lysin amino acids) are available.  
3





trans-4-(maleimidylmethyl)cyclohexane-1-carboxylate) if SH 
2 against SH linked by SMCC (Succinimidyl 
terminals are available on the target molecule.  
 
There are a large variety of conjugation methods for different surface reactivity 
and characteristics. Some of the most commonly used methods are summarized in 
Table 2-1. Usually multistep conjugation is necessary to achieve specific 
functionalization. The first step often involves either passive 
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chem ip. 
In order to flexibly link the targ
th a layer o




2.3.2 Force mode 
rce curve 
ntitatively l he 
experiments should b
a thin wetting film o  
AFM is operated in a nd Kulik, 
hin film that may have a dramatic effect 
T gh 
to obscure the weak so, operation in 
liquid is desirable wit  native structure. 
easurement and quantification of interaction forces between an AFM tip and 
the sam
isorption/physisorption or covalent coupling of the reactive molecules to the t
et ligand/recepto e, the tip surface is often 
f various functional groups terminated PEG (Polyethylene glycol) 
igand/receptors are attached. To make sure binding sites are 
r to the prob
coated wi
that recognize the ligand/receptor or a certain tag on the 
so be used. ligand/receptor 
a) Fo
To qua  measure the specific ligand-receptor interaction force, al  t
e performed in aqueous solution. It has been well established that 
f liquid (water) covers both the probe and the sample when the
ir (Grigg et al., 1992; Burnham et al., 1993; Burnham a
1998). This t
on the force curves. 
 of water creates capillary forces 
he overall magnitude of the capillary force can be large enou
noncovalent bonding forces to be measured. Al
h biological molecules because it preserves their
The m
ple is referred to as force mode. In the force mode, the lateral scan of the tip is 
disabled, while the sample height is ramped such that the tip is brought in and out of 
contact with the sample. The raw data is collected in the form of cantilever deflection 
versus the z-scanner displacement. 
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Figure 2.10 Schematic drawing of a typical force curve with a rupture peak arising 
from
A typical force curve collected between a functionalized tip and a cell is shown in 
Figure 2.10. During the tip-surface approach, no deflection of the cantilever is detected 
at the beginning where the tip is far from the cell (Figure 2.10 A). Upon contact with 
the cell, the cantilever senses an increasing repulsive force from the cell while the 
contact allows molecular interaction bonds to form between the receptor functionalized 
on the tip and the ligands expressed on the cell surface (Figure 2.10 B). After the 
 specific interaction between the tip-bound receptor and the cell-expressed ligand. 
Step A: At the beginning of tip approaching cycle, no interaction exists and no 
deflection is detected. Step B: Upon tip-cell contact, cantilever starts to bend over and 
indent into the cell. The contact allows the ligand-receptor bond to form. The 
approaching cycle is terminated when the cantilever deflection reaches a level of 
predefined threshold. Step C: Tip is retracted from the cell surface while the deflection 
of the cantilever is relaxed. Further retraction induces the cantilever to bend in the 
other direction due to the bond holding the tip to the cell surface. The nonlinear 
extension part represents the stretching of polymer linker and the deformation of the 
cell. Step D: At the point where the deflection force exceeds the bond strength, the tip 
“jumps-off-contact” from surface. The adhesion force can be estimated from the 
deflection of the cantilever right before the jump-off-contact point. 
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bending of the cantilever reaches a pre-set threshold value, it is retracted and the 
deflection is relaxed. As the tip is retracted further from the cell surface, the 
ligand-receptor interaction bond will bind the tip to the cell surface and a negative 
bending of the cantilever will be sensed (Figure 2.10 C). When the bending force 
exceeds the bond strength, the bond will break and the cantilever will rapidly bend 
back to its original position. Hence, the force curve will show a sharp jump, which 
signifies the rupture force (Figure 2.10 D). The nonlinear extension prior to rupture is 
due to the stretching of linker-molecule-cell system and is referred to as the 





easuring uring the 
cant
of the approach and retraction curves is due to the hydrodynamic drag on the cantilever 
hen it moves in a viscous fluid.   
In order to convert the cantilever deflection to force, the spring constant of t
cantilever has to be accurately calibrated. There are at least four ways of determining 
e cantilever spring constant: (1) specification from the manufacturer which is
stimated from geometrical parameters (Sader, 1995; Sader and White, 1993); (2) 
 static deflection with known applied force or particularly measm
ilever deflection when pressed against a reference cantilever of known spring 
constant (Butt et al., 1993; Senden and Ducker, 1994); (3) measuring the change in 
resonance frequency with added known masses (Sader et al., 1995); (4) measuring 
thermal excitation spectrum of the resting cantilever (thermal tune method) (Cleveland 
et al., 1993; Hutter and Bechhoefer, 1993). Most of the commercial systems build-in 
the last thermal tune method for small spring constant calibration as suggested by 
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Florin et al (Florin et al., 1995). This method considers the cantilever as a simple 
harmonic oscillator whose thermal energy is commensurate to the elastic energy. Thus, 
by measuring the thermal driven vibration of the cantilever, the spring constant can be 
calculated from ><= 2xCTkB , where kB is Boltzmann’s constant, T is absolute 
temperature, C is the spring constant of the cantilever and <x2>  is the measured 
variance of the deflection. The accuracy by this method is around 15-20% and the 
calibrated value may be sensitive to temperature change. 
The softest commercially available cantilevers are about 10 pN/nm or 0.01 N/m. 
The resolution of force measurement using such cantilever is about 10 pN. The major 
sources of noise in force measurement come from thermal noise and laser pressure 
induced variations.   
b) Force mapping / Force volume 
Force curves can be collected over a certain area in a raster scanning fashion. In 
such a way, each force curve is measured at a unique x-y position in the area of interest, 
and force curves from an array of x-y points are combined into a three-dimensional 
array, or “volume” of force data. So, it is called force volume mode or force mapping 
mode. When the tip comes into contact with the surface during a force curve cycle, the 
point of contact also provides the topography of the sample at that x-y position. This 
can be used to produce a low resolution (up to 64 pixels by 64 pixels) height image of 
the surface, which is useful when attempting to uncouple the interaction force data 
from topographic information. Force mapping allows investigation of the spatial 
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distribution of certain interaction between tip and sample, such as functional mapping 
of certain receptors on the living cell surface (Grandbois et al., 2000).  
 
2.3.3 Interpretation of force curves 
a) The nature of intermolecular interaction 
To understand and correctly interpret the experimental data, it is first necessary to 
have a brief review on the biophysical nature of intermolecular interactions. 
Biomolecular interactions between two complementary proteins are thought to involve 
an array of weak interactions as shown in Figure 2.11. Specific ligand-receptor 
recognition usually requires the right conformation of the two molecules in order to 
form a lock-and-key complex within which the interacting sites form a series of 
noncovalent bonds holding the two molecules together. For example, the positive 
residues such as arginine, lysine, protonated histidine and N-terminus from one 
molecule can form electrostatic interaction with the negative residues such as 
glutamate, aspartate and C-terminus from the other molecule. Besides, hydrogen 
bondings, Van der Waals forces and hydrophobic interactions all contribute to the 
overall ligand-receptor bond strength. More detailed discussions can be found in the 
literature (Bongrand, 1999; Lekka et al., 2007).  
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Figure 2.11 Noncovalent interactions involved in ligand-receptor binding. These 
determine shape, specificity, and strength of molecular bonding. The image is adapted 





b) Biochemical description of intermolecular interactions 
In the traditional biochemical description of ligand-receptor binding, when two 
molecules A and B are mixed in a solution, a dynamic association-dissociation process 
between these two molecules is expected to occur following a simplified model: 
⎯⎯ ⎯←+         (2-1) 
where AB stands for the product of the reaction and the empirically determined kinetic 
constants kon (on rate) and koff (off rate) account for the forward and reverse reaction.  





offon −=        (2-2) 
here, the square brackets stand for the concentration of the molecular species.  
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In thermodynamic equilibrium state, there is no change on the number of bound 
and unbound molecules at macroscopic level, this gives and 
defines the equilibrium constant Keq and dissociation constant KD as follows:  













][1 ===        (2-3) 
 
The free energy of the reaction ∆G is derived from van’t Hoff’s law: 
eqKRTSTHG ln=∆−∆=∆        (2-4) 
here, ∆H is the enthalpy, ∆S is the entropy, T is the absolute temperature, R is the the 
gas constant. 
e  According to Boltzmann’s law at equilibrium, kon and koff are related to the fr















∆−=      (2-5) 
wh  factor of the bond 
in v
In the traditional biochemical perspective of
 
and
simply changes the ratio of bound-to-free molecul ilib
ere ν is a constant which denotes the natural vibration frequency
acuum, ∆G is the free energy barrier, kB is the Boltzmann constant and T is the 
absolute temperature. 
c) The role of applied force on single bond kinetics 
 molecular interaction described above, 
a large amount of molecules are at equilibrium states and they form a dynamic balance 
between bound and unbound states, or in other words, the bonds continuously form
 break under zero force. When an external field is applied to the system, the ‘force’ 
es and alters the equ rium 
constant.  
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In the single molecular bond test eperiment, one bond has to be isolated and it is 
expected to be far from its equilibrium state. According to K oped 
in 1940 (Hänggi et al., 1990; Kramers, 1940), weak bonded structures sponta
ramers theory devel
neously 
break at a time scale determined by the life time τ=1/k
onstant diffusive flux of thermalized states along a preferential path over the 
con plied to pull 
this solitary bond, it changes the thermal likelihood o
inding pathway tilts the energy landscape and lowers the energy barrier 
by t
n of force, or simplified as the barrier width that is the distance between the 
native well and the transition state. Therefore, at the time t, the 
 
ere 
d the energy barrier is ∆G. Therefore, the measured level of 
app ut is less than the intrinsic 
bon
off. This process is modeled as a 
c
fining energy barrier, ∆G (Figure 2.12). When an external force is ap
f reaching the top of the barrier. 
As sketched in the conceptual drawing of Figure 2.12, the applied ramp force acting 
along the unb
he extent of Fxβ where xβ is the thermally averaged projection of the barrier along 
the directio
energy barrier height is 
reduced to ∆G-F(t)xβ and becomes easier to be overcome by the thermal fluctuation, or
in other words, there is higher chance to dissociate compared with the situation wh
no force is applied an
lied force when the bond ruptures does not equal to b
ding forces while the difference is dependent on thermal activation energy 
accumulated for the duration when the force is applied.  
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d) Theoretical prediction of the relation between rupture force and loading 
rate: Bell-Evans model 
To further relate the applied force to the intrinsic kinetics of the bond, Bell first 
proposed a simple model by assuming kinetic rates during bond stretching are 
continuous functions of the instantaneous force (constant force at microscopic level 
because the thermal activation dominates the bond kinetics and the timescale of 
thermal motion is orders higher than the timescale of force variation in a typical 
experimental setup). Considering the off rate of the bond with a lowered energy barrier 
of ∆G-Fxβ: 
Reaction 
Figure 2.12 Schematic drawing of the potential along the unbinding pathway of a 
ligand-receptor pair exhibiting a single sharp barrier. The energy landscape becomes 
tilted and deformed, caused by application of a mechanical force creating new maxima 
at ∆G-F x  if the mechanical potential can be linearly approximated. The barrier height 
is thus progressively reduced as the force increases with time. The thermal dissociation 
rate is denoted by k  and the location of the transition state by x . Reproduced from 





























=−∆−= ∫    (2-6) 
Thus, the dissociation rate increases exponentially with the applied force. This is 
the hallmark model first proposed by Bell (Bell, 1978). 
d on l’s veloped the theory in which the ramp 
effect (time factor) is considered (Evans and Ritchie, 1997a). 
Defining the probability of bond survival as NB, and assum g no rebinding occurs 
after the bond ruptures (kon =0), similar to equation (2-2) the ch e of NB in terms of t 
is g









B ⋅−=        (2-7) 
while the initial state is automatically set as: NB(t=0)=1 
The solution to this equation is:  
)))((exp()(
0
∫ ′′−= t offB tdtFktN       (2-8) 
This gives rise to a distribution or unbinding probability density function of 
unbinding force:  
))((
/
)()()1( FkdttdNNd offBB−)( FtN
dtdFdFdtdF






∫∫∫ −=−=′′−= F offFt dffkdfdtfktdtFkFtN  
 (2-10) 











FxkFP &&     (2-11) 
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By defining the most probable unbinding force as the maximum of the distribution 
P(F) and assuming dF/dt is constant defined as r, then the rupture force can be derived 








xrTkdP B β⋅=⇒==      (2-12) 
Eq. (2-12) relates single molecular force measurements with dissociation rate 
mea
e dissociation kinetics under an applied force are governed by the thermal 
dissociation rate constant koff(0) and the length scale xβ
eans that koff(0) and xβ can be 
dete ) (Merkel et al., 1999a). Furthermore, based on 
this model, multiple energy barriers can also be revealed (Y
e) Advanced theories 
i.) Soft polymer linkage impact on rupture force 
The Bell-Evans model only considers the basic experimental configurations and 
the assumptions might not be valid in some cases. For example, the Be va s m
s the loading rate as a constant, but this is not the case in the experimental 
setups where polymer linkers are attached to the force probe to minimize the 
nonspecific interactions or in the experiments working on living cells (Figure 2.10). In 
the ally 
exhibits a nonlinear form. Thus, some modified models have be
sured in bulk experiments. It is based on Bell’s assumption that the rates of a 
reaction depend exponentially on the applied force as stated in eq. (2-6). Eq. (2-12) 
shows that th
, interpreted to be the width of 
the potential of the bound state. In practical terms, this m
rmined by plotting F* versus ln(r
uan et al., 2000).  
ll-E n odel 
assume
force curves obtained from such experiments, the extension before rupture usu
en proposed to take 
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Temperature is another important parameter that affects th
dissociation in both the absence and presence of applied forces. At higher temperatures, 
one has to wait less time for thermal excitation to rupture the bond under any level of 
applied force. A thermodynamic-kinetic model has been proposed to interpret the 
temperature dependence of biotin-avidin bond rupture forces under fixed loading rate 
to extract thermodynamic parameters (Lo et al., 2002).  
iii.) Catch bond 
Nearly all the experiment interpretation of AFM data is based on Bell’s law, that 
external force facilitates the bond rupture, or in other words, external force shortens 
the life time of the bond. This kind of bond is termed ‘slip’ bond. However, it has been 
shown, particularly in the cases where selectin is involved, this may not be always true. 
Marshall et al (Marshall et al., 2003) showed experimental evidence for the existence 
of the ‘catch bond’, which exhibits lifetime increase in response to external forces. 
These ‘catch bonds’ were first proposed by Dembo et al (Dembo et al., 1988) and were 
thought to contribute to flow-enhanced adhesion phenomenon (Yago et al., 2004). A 
negative sign applied to the force term in eq. (2-6) was proposed to model catch bonds 
(Marshall et al., 2003).  
f) Experimentally determine rupture force and loading rate 
unt of polymer-like stretching behavior prior to bond rupture (Evans and Ritchie, 
1999; Ray et al., 2007).  
ii.) Temperature dependency 
e rate of ligand-receptor 
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To ensure single-molecule binding, one must monitor the binding frequency (i.e., 
the probability that a single binding event occurs in a force curve). If less than 30% of 
all f cu re event, the probability that this rupture event 
corr
rmining loading rate: nominal 
loading rate (Fisher et al., 2000; Fritz et al., 1998; Meadows et al., 2005; Ray and 
Akh
loading rate will be significantly overestimated and serious 
system
orce rves contain a discrete ruptu
esponds to the unbinding of a single receptor-ligand pair is ~85% (Tees et al., 
2001). At binding frequencies below 10%, more then 95% of all rupture events can be 
attributed to single bond rupture. Maintaining a low binding frequency throughout the 
entire measurement set may require readjustment of the contact conditions, such as the 
contact force and time. 
Experimentally, there are two common ways of dete
remitchev, 2005; Sulchek et al., 2005; Yuan et al., 2000) and apparent loading rate 
(Brockwell et al., 2005; Frisbie et al., 1994; Kersey et al., 2006; Ling et al., 2004; 
Nevo et al., 2005; Perret et al., 2004; Zou et al., 2005).  
In the nominal loading rate method, it is assumed that the loading rate is constant 
for all data collected at the same velocity and is equal to the product of the spring 
constant of the cantilever and the retract velocity. This method was borrowed from the 
analysis of biomembrane force probe (BFP) experiments that Evans conducted to 
validate his theory (Merkel et al., 1999a). However, the method only applies to the 
cases that the AFM cantilever is the softest spring compared to the other molecular 
linkages. Otherwise the 
atic error will be introduced to the analysis. 
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In the apparent loading rate approach, the loading rate is measured on each force 
curve as the product of velocity and the linear slope of force vs. distance curve 
immediately prior to the rupture peak. This method is more accurate compared to the 
nominal rate method in that it considers the overall spring of the cantilever-molecular 
linkage system, though some correction may still need to be applied to take account of 
the polymer-linkage nonlinear extension.  
The extraction of rupture force is more straightforward than the extraction of 
loading rate. Usually a force histogram is constructed after hundreds of force curves 
are 
lcaraz et al., 2003; Janovjak et al., 
2005). Whereas at the slow speed region, because of the sensitivity limit of the 
collected over certain loading rates (or certain velocities in practice) from which 
the most probable rupture force can be extracted by fitting the histogram to either a 
standard Gaussian or a customized Bell-Evans probability density distribution. 
Sometimes, the histogram may show multiple peaks corresponding to the number of 
bonds formed and ruptured cooperatively. 
Importantly it should be realized that experimental results may differ from the 
theoretically predicted curve. As shown in Figure 2.13, the experimental spectra may 
deviate from the ideal curve at two extreme loading rate regions. At the higher speed 
region, while the cantilever is moved through the medium, it experiences viscous drag, 
which results in a deflection of the cantilever in the direction opposite its movement. 
Consequently, rupture forces will be underestimated unless corrected. Hence, it is 
suggested that at high pulling speeds (>10 µm/s), a correcting factor considering the 
drag force should be added to the measured force (A
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instrument, the force histogram may be severely skewed to higher values, 
consequently, the peak rupture force may be overestimated from the real one. All these 
effects should be considered when interpreting experimental data. 
 
 








Figure 2.13 Schematic representations of th
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Chapter 3 AFM Imaging of Surface Morphology of 
Infected Cells 
 
As reviewed in the previous chapter, AFM has been extensively applied for 
imaging fixed or living cells under dried or wet conditions and has revealed more 
details on the surface features of these cells than light microscopy and in some cases, 
electron microscopy. Limited studies also have been conducted on Plasmodium 
falciparum and Babesia bovis infected cells (Aikawa, 1997a; Aikawa et al., 1997; 
Nagao et al., 2000a) but the results were not consistent and more importantly, the 
protocols developed so far are tedious and limit the applications on clinical samples 
and batch studies. 
In order to develop a reliable protocol to image normal and m laria infected 
terature  (Girasole et al., 2001; 2003; Nowakowski et al., 2001; 
Zhang et al., 1995), we first imaged living and fixed red cells in wet conditions but 
found both preparation methods were not satisfactory in terms of reproducibility and 
image quality. Subsequently, we developed a simple, fast and yet effective protocol 
using smeared cells which allowed us to probe both internal parasitic developments as 
well as surface morphological changes simultaneously at fairly high resolution. Based 
on this newly-developed method, we systematically investigated the surface 
morphological changes on red cells parasitized by twelve different laboratory clones of 
a
erythrocytes with desirable resolution, several attempts have been made. Following the 
 Hategan et al., li
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P. falciparum, a number of clinical isolates of P. falciparum, P. vivax, P. malariae
 as well as two strains of 
, P. 
ovale Babesia bovis and one strain of Babesia bigemina.  
3.1 In-fluid Imaging and Limitations 
In this section, three different sample preparation methods for in-fluid imaging 
are discussed. Though some images of both normal and malaria infected red cells have 
been obtained in wet conditions, no protocols developed for in-fluid imaging were 
consistently working and the images were difficult to reproduce.   
 
strain of Plasmodium falciparum was cultured in vitro by a 
modific
dried for overnight. Polycarbonate Track Etch Membrane Filters (SPI Supplies, 
3.1.1 Sample Preparation 
a) Cell culture  
The 3D7 
ation of the method previously described (Trager and Jensen, 1976). Cultures 
were grown at 5% hematocrit in 25ml tissue culture flasks (Becton Dickinson). Each 
flask was filled with 10 ml of culture medium of RPMI 1640 medium (Gibco) 
supplemented with 0.5% Albumax I (Gibco). Culture flasks were flushed for 
30 seconds with a gaseous mixture consisting of 92% nitrogen, 5% oxygen and 3% 
carbon dioxide.  
b) Substrate preparation 
Freshly cleaved mica (Structure Probe Inc, West Chester, U.S.A.) was 
immersed in 0.1% or 1% poly-L-lysine solution (1 or 10mg/ml) (Sigma-Aldrich, St. 
Louis, P0879, mol wt 1,000 to 4,000) for 10min, washed with distilled water and air 
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Structure Probe, Inc. U.S.A) with proper pore size (2µm-8 µm) were mounted in a 
filter holder apparatus (SPI Supplies, Structure Probe, Inc. U.S.A) and the cell 
er with the help of an attached syringe. The 
filters w
ancet Device (BD 
Consum or cultures of parasites were washed three times in 1X 
PBS by means of centrifuge. The isolated RBCs were then resuspended in the same 
buffer solution and incubated on the pretreated mica substrates for 20min. Unbound or 
loosely attached cells were washed away by PBS. 
d) Fixed cells preparation 
200µl fresh cells were mixed with 10µl 25% stock glutaraldehyde 
(Sigma-Aldrich, St. Louis) for 30min, washed with PBS and allowed to absorb on 
poly-L-lysine coated mica for 20min or filter through porous membrane. Unbound and 
loosely attached cells were washed away by PBS.  
e) AFM scanning and imaging 
The AFM system used was the MultiMode model with a Nanoscope IV 
controller equipped with fluid cell and heater (Veeco Instruments, Santa Barbara, CA). 
The probes used for imaging were 100µm long thin type triangular shaped sharpened 
cantilevers (Model DNP-S, Veeco Instrument) with tip radius of less than 20nm and 
spring constant of 0.32N/m. For tapping mode in fluid imaging, resonance frequencies 
solutions were allowed to pass the filt
ere then taken out and washed with 1X phosphate buffered saline (PBS) and 
fixed on steel disks with double sided adhesive tape. 
c) Fresh cell preparation 
Blood samples from healthy adults via finger prick using a L
er Healthcare, Canada) 
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of tips had to be tuned manually. The peaks appeared at around 9 or 13kHz were 
chosen and the driving frequencies were set accordingly to achieve a RMS of 2V. All 
images were captured at resolutions of 256 or 512 pixels and speeds of 0.3-0.5Hz. 3D 
reconstruction of images was processed in Nanoscope 5.12 (Veeco Instrument, Santa 
Barbara, CA).  
To overcome the problem of being unable to distinguish between normal and 
infecte
3.1.2 Results and Discussion 
Tapping mode in fluid for the AFM was applied to minimize the contact force 
between the tip and the cells as well as preserve the natural state of RBCs. Most living 
cells imaged in PBS or RPMI 1640 medium appeared spherical cap or ‘fried egg’ 
shapes as shown in  Figure 3.1 A. Only a few biconcave shaped cells were observed 
on 0.01% poly-L-lysine coated substrate (Figure 3.1 B) but the details on the surface 
were unable to be further revealed. Such shapes were suggested to be caused by the 
strong adhesion on densely coated substrate and the consequent spreading-induced 
surface tension in the cell membrane (Hategan et al., 2003). Though such a sample 
preparation method could best keep the cells in their physiological conditions and 
avoided introducing any artefacts arising from chemical treatments on the cells, the 
d cells from the stereo optical microscope attached to the AFM system, a 50X 
objective lens (Nikon) was mounted to the optical microscope to locate the infected 
cells by identifying the hemozoins that were seen as black dots inside the cell before 
we switched to AFM scanning.  
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resolution obtained was limited to a few hundreds of nm because the cells were so 
deformable without fixative treatment, and was too low to reveal the delicate details of 
surface features on the cell membrane. 
 
 
Figure 3.1 AFM images (deflection channel) of unfixed RBCs in wet conditions. (A) 
eggs shapes. (B) One of the cells with characteristic 
B A 
Typical spherical cap or fried 
biconcave shape (arrow). Bars=10µm. 
 
The normal immobilized glutaraldehyde-fixed cells exhibited typical biconcave 
shapes and relatively smooth surface without any obvious punching or invaginations 
(Figure 3.2. A, B, E). By contrast, on the surface of falciparum infected cells, 
numerous knob-like structures existed (Figure 3.2. C, D). The average size of each 
‘knob’ was about 100X30 nm (base diameter X height) and densities of these ‘knobs’ 
varied between about 5 to 20/µm2 depending on the infection stages. These data agree 
well with the results obtained by previous researchers (Nagao et al., 2000a). 
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Figure 3.2 Representative images of fixed cells obtained in wet condition. (A) 3D 
reconstruction AFM image of a normal biconcave shape RBC. (B) Smooth surface of a 
normal RBC. (C) An infected RBC with numerous knobs on the surface. (D) High 
resolution image of knobs. (E) Optical microscope image (1000X) of the 
membrane surface and a normal RBC sitting in one of the pores (arrow). (F
porous 
) AFM 
image of a normal RBC sitting in the pore. B, C, D, F are all defectioin channels. 
5µm 
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As pointed out earlier, the outcome of AFM imaging of biological samples 
depends upon two critical aspects of sample preparation: strong attachment of samples 
to the substrate and minimized deformation of samples. Since red blood cells are 
known as non adherent cells, Substrate surfaces have to be functionalized to strengthen 
the cell attachment. The simplest and most commonly used method is to treat the 
substrate surface with functional molecules, such as poly-L-lysine which is a positively 
charged peptide at neutral pH and able to link the negatively charged cell membrane to 
negatively charged mica surface, thus enhancing cell absorption. In the literature, the 
concentrations of poly-L-lysine were found to be critical for imaging unfixed cells. As 
Dessy et al. (Dessy et al., 2006) and Hategen et al. (Hategan et al., 2003) pointed out 
that high concentration surface coating provided sufficient support for stable scanning 
but gave rise to distorted cell shapes as ‘fried eggs’. We did observe the same 
phenomenon. However, we failed to reproduce the images of normal biconcave shaped 
cells using low concentration surface coating as suggested by Dessy et al. (Dessy et al., 
2006). Instead, we found the cells were easily removed by the tip even at minimal 
contact force and the attached cells were so deformable that even though the overall 
shape could be seen in a few scans, no details were able to be resolved on the surface 
of these unfixed cells. 
To fix cells, glutaraldehyde was chosen as it functions to crosslink the amine 
su n 
fa d 
residue in the membrane proteins and thus hardens the cell considerably. On flat 
bstrates, poly-L-lysine coating method worked well on normal red cells but ofte
iled on infected cells. This is mainly because the relatively round shapes of infecte
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cells ha
FM cum optical microscopy system as both techniques can be 
perform
d a reduced contact area between the cells and substrate and thus were easily 
removed by the tip during scanning. Also the height limitation of the current AFM 
system (z limit, 2.5-3µm in current system) significantly limit the reproducibility of 
imaging infected cells as infected cells often exceed z limit after fixed. To solve this 
problem, we developed the second method in which porous filters replaced mica as 
substrates and the cells were imaged while sitting in the pores with uniform size (e.g. 
8µm) (Kasas and Ikai, 1995). The operation of this method can be implemented in both 
wet and dry conditions. The height problem was resolved but the identification of 
infected cells was still difficult. Therefore, little progress was achieved on imaging 
infected cells in fluid conditions.  
 
3.2 Development of a Novel Imaging Method for Simultaneous Monitoring of 
Surface Morphology and Intracellular Development 
Here, we report a simple and yet effective method of combining both AFM and 
optical microscopy to systematically probe the surface morphological changes of the 
infected cells, and at the same time, directly relate that to parasite development within 
the cell. The main advantage of this simple approach is that it does not require a 
dedicated combined A
ed separately. The sample preparation which involves a modified method of 
Giemsa staining the cells is simple, fast and easily done as compared to previous 
imaging techniques (Aikawa and Miller, 1983; Allred et al., 1986; Gruenberg et al., 
1983; Nagao et al., 2000a). In this section, not only can we produce high resolution 
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details of the exterior surface morphology including the knob structures, their 
dimensions, distribution pattern and density, but also with Giemsa staining, we can 
precisely relate these surface morphological changes to the parasitic development 
within the cell. 
 
3.2.1 Sample Preparation 
a) Cell culture  
The same fresh cells were prepared as described in 3.1.1 a).  
Gelatin flotation (Goodyer et al., 1994) was carried out once a week to ensure 
that a large population of the infected cells would express the knobs on the cell surface. 
Briefly, 2ml of 0.7% gelatin dissolved in RPMI 1640 (Gibco) was added to the culture 
pellet and incubated for 1h at 37°C. The supernatant contains the parasitized cells with 
knobs and this was spun down and washed twice with RPMI 1640 (Gibco). Finally 
cells were subcultured with new media and fresh blood. 
 
b) Modified method of Giemsa staining and smear  
Cells were stained using a modified protocol as described here. The culture was 
resuspended and 98µl of culture suspension was removed. 2µl of Giemsa stain (Merck) 
was added to the suspension and subsequently incubated at 37°C for 15min. After this, 
the cells were centrifuged (4 min at 1000rpm) and the supernatant removed by 
aspiration. The resulting pellet was used to make a thin blood smear which was 
air-dried (no fixation was required) and ready for use. Alternatively, infected cells can 
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also be stained using 2µg/ml DAPI (Sigma-Aldrich, St. Louis) or 10µg/ml acridine 
orange (Sigma-Aldrich, St. Louis) which fluorescently stains the nucleus of the 
parasites.    
 
c) FM scanning and optical imaging  
The AFM system used was the Dimension 3100 model with a Nanoscope IIIa 
controller (Veeco Instruments, Santa Barbara, CA). The probes used for imaging were 
200µm long by 20µm wide single-beam shaped cantilevers (Model ORC8, Veeco) 
with tip radius of curvature less than 20nm and spring constant of 0.05 N/m for contact 
mode in air imaging or 125µm long by 30µm wide single-beam shaped cantilevers 
(Model PPP-NCHR-50, Nanosensors) with tip radius of curvature of 5-7nm for 
tapping mode in air imaging (both modes were applied alternatively to capture the 
images shown in this thesis). A piece of Eppendorf CELLocate coverslip with 55µm 
grid size (Eppendorf AG, Hamburg, Germany) or TEM copper grid (SPI Supplies) was 
glued to the back of the smeared glass slide to locate the scanned cells. Both height 
and deflection images were captured at a resolution of 512 × 512 and scan rate of 0.5 
to 2Hz depending on the scan scale which can range from tens of microns to hundreds 
of nanometers. After AFM images were taken, the glass slide was observed under an 
inverted microscope (Leica, Germany) equipped with an oil immersion 100X objective. 
With the help of the grid coverslip, those AFM scanned cells could be relocated and 
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d) Data analysis  
All the AFM scanning images were recorded, processed and analyzed using the 
software Nanoscope 5.1 (Veeco Instruments, Santa Barbara, CA) or SPIP (Image 
Metrology A/S, Denmark). 
3.2.2 Results and Discussion 
Figure 3.3 shows the contact mode AFM image (deflection channel) of a 
healthy smeared RBC (Figure 3.3 A) and its cytoskeleton network surface structures 
(Figure 3.3 B) as well as a series of AFM images and corresponding modified Giemsa 
staining images (Figure 3.3 C-H) which cover all progressive stages of parasitic 
development from early ring stage to late bursting schizont stage. From these images, 
we can clearly see that knobs start to appear from early trophozoite stage onwards. The 
density of these knobs increases with parasite maturation until early schizont stage 
when it reaches 7-9/µm2 on the surface of a singly infected cell. Our results 
demonstrate the ability of AFM to obtain high resolution images and quantify the 
surface structures of malaria infected cells. However, the measured density of knobs is 
noticeably less than those reported previously (~45-50/µm2) (Nagao et al., 2000a) and 
this is probably due to the variance in the type of parasite strains used.   
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Plasmodium falciparum infected erythrocytes at different stages of infection. (A) 
Normal RBC. (B) Spectrin network. (C) Ring stage. (D) Early trophozoite stage. (E) 









Figure 3.3 AFM images and their corresponding Giemsa stained im
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We also checked the surface mo
one parasite and found that the number of 
doubled, which suggests the production of knobs 
other parasites living in the same
Nagao et al. (Nagao et al., 2000a). 
From Figure 3.3, it is interesting to e 
always observed depressed in AFM images as compared to the uninfected parts of the 
cell. We speculate that this is because the parasite part is sticky and in the process of 
smearing, the host cell membrane would adhere to the parasite. This finding can help 
us identify the stage of parasite directly from AFM images without extra staining and 
optical imaging which would save much tim
From higher magnification images of cell surface, we could measure the 
dimension of single knob structure, as shown in stage sequence in Figure 3.4. Both 
small (young) and big (matured) knobs were found on the same cell (Figure 3.4. C and 
D) and the mean size of knobs increased as parasite matured (Figure 3.4. A-E). The 
matured knobs were measured to be around 20nm in height and 100nm in base 
diameter while the young knobs were less than 10nm in height and 70-80nm in base 
diameter (Figure 3.4. F). The size of knobs in our finding is close to those reported in 
both S
rphology of those cells infected by more than 
knobs doubled when the number of parasites 
by one parasite is not affected by the 
 cell. This agrees well with the previous findings by 
note that the parasite located parts ar
e. 
the 
EM and AFM studies  (Gruenberg et al., 1983; Nagao et al., 2000a).  
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Figure 3.4 Close-up images of knob structures and their distributions at different stages 
of infection (A-E, deflection channel) and 3D rendering of a single knob structure (F). 
(A) Early trophozoite. (B) Mid trophozoite. (C) Late trophozoite. (D) Schizont. (E) 
Bursting schizonts. (F) Single knob structure (z scale is 20nm). 10 X 10µm  windows 
size for Giemsa staing images. 
 
One unexpected observation is shown in Figure 3.5. We found big pores 
measured around 200-600nm in diameter on the surface of some infected cells, about 
50% of schizont stage population and 10% of ring stage population. Taking b
2
oth sides 
into account (AFM imaging only examines one side of the cell), we extimated that 
over 90% late stage cells and 20% early stage cells would have such structures. These 
pores were first suspected as invasion sites by the merozoits (Nagao et al., 2000a) but 
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the observation of many more pores on late stage cells than early stage cells seems to 
reject the hypothesis. Another possibility is the parasitophorous duct which is part of 
the parasite structure first observed by Pouvelle et al (Pouvelle et al., 1991). These 
ducts are proposed as direct macromolecule channels through which the parasite can 
uptake and expel macromolecules without passing through host cell membrane barrier.  
 
 
Figure 3.5 The pore-like structure (indicated by arrows; the left is height image and the 
right is deflection image) found on a late stage infected cells. 10 X 10µm2 windows 
aging results. Thus, we examined unstained smears as well as traditional Giemsa 
staining
size for the Giemsa staing image. 
 
It may be argued that the staining process would introduce artefacts into AFM 
im
 method stained cells. Without staining, the infected cells were identified by 
the indentations on the surface which corresponded to the parasite location as shown in 
Figure 3.3 and the surface structures were found to be very similar to those shown in 
Figure 3.3. No obvious difference was observed regarding knob density and 
dimensions. However, traditional staining method was found to tremendously affect 
the surface morphology of cells (Figure 3.6). The knobs disappeared with traditional 
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Giemsa staining treatment and the whole cell membrane collapsed over the parasite. 
This may be attributed to the severe dehydration effect in the staining process. In our 
modified staining method, we preserved cell surface structures by the lesser 




Usually, it is difficult to image biological samples at high resolution because of 
the req
Figure 3.6 AFM image of a late stage infected cell stained with traditional Giemsa 
staining method. The cell appeared collapsed and no knob structures were found. 
uirement to firmly attach the cell samples to the substrate. Also, the softness of 
the biological sample makes the AFM scanning much more difficult and restricts the 
scanning speed. In this method, both problems were resolved through a simple and fast 
sample preparation of smearing the cells. In practice, high resolution images were able 
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3.3 Comparison of Different Laboratory Strains of P. falciparum 
Based on the technique described in the previous section (section 3.2), we 
performed the study on 12 different laboratory clones of P. falciparum which have 
different genotypes. In such a study, we were able to explore more deeply the 
molecular basis of the surface phenotypes.  
 
3.3.1 Sample Preparation 
a) Lab clones preparation: 
Genotypes (presence or absence of specific proteins) of the different cell lines 
tested in this section are summarized in Table 3-1. Further information can also be 
found in reference (Cooke et al., 2002). The knob-positive phenotype of cell lines was 
m g 
elatin as previously described (Waterkeyn et al., 2001). Cultures were harvested at 
various stages and slides were prepared as described in the previous section (section 
3.2.1).    
b) AFM Imaging and data analysis: 
Infected cells at different developmental stages were first located under an 
inverted microscope equipped with a 63X objective. AFM images of 10-30 infected 
cells on each slide were then captured both at low and high magnifications. The details 
on the stage and number of parasites were obtained from post captured Giemsa 
staining images recorded under an oil immersed 100X objective. Statistical analyses on 
density and size of knobs were performed using minitab (Minitab Inc. USA).      
aintained during continuous culture by weekly enrichment of parasitized cells usin
g
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le 3-1 Comparison of knob phenotypes and their molecular genotypes of 12 
Parasite Genotype Knob 
3D7 Cloned from a clinical isolate, unknown origin Yes 
CS2 Cloned from the Brazilian isolate It (CSA-binding) Yes 




Clone of D6 with a chromosome 5 deletion (MESA-) Yes 
1G8 SBP1 KO. Clone of 3D7 (SBP1-) Yes 
KKO KAHRP KO. Clone of 3D7 (KAHRP-) No 
 
D6 Cloned from a clinical isolate 
6 Cloned from the Brazilian isolate It Yes 
AAO1  Cloned from ItG2 with a chromosome 1 deletion (RESA-) Yes 
Clone of D6 with chromosome 2 & 5 deletions 
(MESA/KAHRP/PfEMP3-) 
14C9 PfEMP3 KO. Clone of 3D7 (PfEMP3-) Yes 
B8B6 Cloned from It with a chromosome 2 deletion (KAHRP/PfEMP3-) No 
1F5 
 
Table 3-1 summarizes the molecular characteristic of each strain and the 
corresponding knob phenotype. As expected, knob associated histidine rich proteins 
(KAHRP) knockout clones did not have any knobs on the surface, while all wild types 
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and non-KAHRP molecules knock out strains more or less had knobs on the surface. 
Thi
 
s is consistent with previous TEM studies (Cooke et al., 2002). 








































































































































































































































































































Bars are One Standard Error from the Mean
 
numbers above the bars indicate the numbers of cells examined. Scale bars represent 
Figure 3.7 Density and height comparisons among different laboratory strains. The 
the standard errors for the means. 
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Our results (Table 3-1) clearly confirmed the central role of KAHRP in knob 
formation as indicated before (Crabb et al., 1997; Rug et al., 2006). The size and 
ong species but reasonably within the range of biological 
variation (Figure 3.7). Non synchronized cultures would be a likely source of variation. 
Effects of stage and number of parasites of every strain appeared consistent with the 
results obtained on 3D7 as described in the previous section (section 3.2) (Figure 3.7). 
 
3.3.3 Discussion 
Knobs are important for initializing IRBCs-endothelium contact and promoting 
cytoadherence through the concentrated adherent molecules on knobs. Components in 
the knobs have been well studied through molecular approaches, as shown in Figure 
3.8. Previous studies have indicated the central role of KAHRP in knob formation 
(Rug et al., 2006) whereas the other knob-associated proteins such as PfEMP-3 
(Waterkeyn et al., 2000), RESA (Cooke et al., 2002), MESA (Cooke et al., 2002), and 
PfEMP-1 (Cooke et al., 2006) are suggested not to affect the formation of knobs. Our 
comparison of different mutants from laboratory clones with specific genes disrupted 
has shown clearly that only KAHRP is correlated with production of knobs (Table 3-1). 
Furthermore, correlated staining and AFM imaging study provides detailed 
information on the size and distribution of knobs over different stages and none of 
these parameters appear to be changed by non-KAHRP gene disruption. However, the 
laboratory clones tested in 
density of knobs varied am
this study have been long-term cultured in vitro and 
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selectio
3.4 Changes to the surface of four Plasmodium spp. infected human erythrocytes 
from clinical isolates 
Structural changes to the surface of the Plasmodium spp. infected red blood 
cells are central to the pathogenesis of human malaria (Cooke et al., 2004b). Knob-like 
nanostructures associated with the surface of Plasmodium falciparum IRBCs assist this 
parasite to avoid splenic clearance by adhering to the endothelium of capillaries. 
Unfortunately, the rigid and sticky IRBCs of P. falciparum readily block the 
microvasculature of important organs such as the brain leading to severe disease 
(Dondorp et al., 2004; Oo et al., 1987; Raventos-Suarez et al., 1985). In addition to P. 
falciparum, there have been numerous reports of severe disease due to P. vivax (Beg et 
al., 2002; Mohapatra et al., 2002; Ozen et al., 2006) and P. malariae (Abdurrahman et 
n of knobby cells has been continuously performed. Further tests using clinical 
strains are required to rule out possible artefact of in vitro culturing.  
 
 
Figure 3.8 Schematic representation of the interaction of exported malaria proteins 
with proteins of the RBC membrane skeleton. An area of the RBC membrane forming 
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al., 1990), however few studies have investigated the nanostructures on these species 
(Aikawa, 1988). Past techniques to investigate the surface of IRBCs such as SEM and 
TEM, only provide limited surface information and involve numerous fixing and 
coating procedures that may severely alter the shape of the IRBC surface, obscuring 
fine changes or creating artefacts. This has led to some disagreement in the literature 
regarding the presence of knobs in the other species of Plasmodium spp. (Atkinson and 
Aikawa, 1990; Mackenstedt et al., 1989). Another important problem confronting past 
studies, is that most of these studies were carried out on clinical isolates that were not 
confirmed by molecular speciation techniques. As optical microscopy has a poor 
ossible tha ity species 
hich was inadvertently reported. Another important gap in our knowledge is that 
most studies on the knobs of P. falciparum IRBCs rely on culture adapted laboratory 
clones from in vitro or primate models. Little has been done to describe these features 
in field isolates or correlate them with a carefully defined clinical phenotype.  
Our newly-developed AFM method enables the investigation of smeared and 
air dried erythrocytes without the need for any other treatments such as fixation and 
dehydration that may alter delicate nanostructures on the surface of the IRBC (Li et al., 
2006). This study utilizes AFM to comprehensively investigate the nanostructures of 
all the four human Plasmodium spp. IRBCs from clinical isolates and provides insights 
to the roles of such structures in the pathobiology of human malaria. 
 
sensitivity and specificity in the diagnosis of mixed infections (Milne et al., 1994), it is 
t past samples examined by SEM and TEM contain a minorp
w
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3.4.1 Sample Preparation 
a) Field location and sample collection  
Clinical isolates were collected between 2004 and 2007 from Indonesia and 
Thailand. The Indonesian site was in Timika, located in the southern region of Papua 
Province.  The Thai field collection site was Suan-Peung, Ratchaburi Province on the 
south western border of Thailand. Patients with symptomatic malaria were recruited 
into the study and 5ml blood samples collected by venipuncture. After removal of host 
white blood cells using a CF11 column, 2ml of packed IRBCs were divided as follows: 
1 ml was cryopreserved in glycerolyte, 200µl spotted onto a filter paper, 200µl for 
AFM and microscopic smear preparations and 600µl was used for the in vitro 
maturation. Samples were not collected from patients who were treated with 
antimalarials within 30 days of sample collection.  
b) In vitro maturation of isolates 
In the case of P. falciparum malaria it is difficult to find mature stages in the 
peripheral blood. To obtain data in these cases, we ex vivo matured fresh and 
cryopre
harvested before 
served isolates to schizogony. A 2% haematocrit blood media mix (BMM) of 
20% AB+ serum in Macoys media. 15ml of the BMM was added to 50ml culture 
flasks with a filter top allowing gas exchange. A traditional candle jar was used to 
mature the parasites at 37.5°C (25 - 36 hours). Although mature stages of IRBCs were 
found in severe and in a small number of uncomplicated P. falciparum malaria cases, 
ring stage parasites from all isolates were ex vivo matured and 
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reinvasion to determine the intrinsic knob phenotype free from splenic clearance and in 
vivo
c) 
ure containing the IRBCs were 
sup nd 10 µl of Red Fields stain, for 30mins in an 
incubat
 selection bias. 
Malaria DNA preparation, speciation and genotyping 
The speciation of microscopically examined thick and thin films was carried 
out by an expert microscopist (10 years of intensive experience of reading Plasmodium 
spp. slides). The microscopic diagnosis were confirmed using multiplex PCR as 
previously described (Mangold et al., 2005; Padley et al., 2003). Genomic DNA from 
blood spots and cryopreserved samples was extracted using QIAamp DNA mini kit 
(Qiagen, USA). The clonality of the P. falciparum isolates was determined using a 
three locus (msp1,msp2 and glurp) genotyping method (Brockman et al., 1999). 
d) Atomic Force Microscopy 
200µl of a 2% Heamatocrit BMM mixt
ravitaly stained with 10 µl of Blue a
or. A paired 200µl of a 2% Heamatocrit BMM mixture was supravitaly stained 
with 1µl of DAPI. Pellets from these BMMs were resuspended 1:1 in the culture media 
and thinly smeared on glass slides. The thin smears were air dried in an incubator and 
not fixed by methanol. These thin smears were scanned by a Dimension 3100 model 
with a Nanoscope IIIa controller (Veeco Instrument, Santa Barbara, CA) using tapping 
mode. The probes used for imaging were 125µm long by 30µm wide single-beam 
shaped cantilevers (Model PPP-NCHR-50, Nanosensors™, Switzerland) with tip 
radius of curvature of 5-7nm. 
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Images were processed and measurements were carried out in Nanoscope 5.30 
(Veeco Instrument, Santa Barbara, CA) or SPIP (Image Metrology A/S, Denmark). 
Sta alues were calculated 
from e
d 3D7 
stra rescence images were obtained using an IRB Leica 
inverte
3.4.2 Results 
Figure 3.9 and Table 3-2 summarize the surface features and quantitative 
characterization of these features on all four human malaria species. Details for each 
species are as follows.  
tistical analyses were performed in Minitab (Minitab Inc). P v
ither student t-test (comparison between two samples) or one way ANOVA 
followed by Tukey test (comparison between more than two samples). 
e) Indirect Fluorescence Assay for P. falciparum KAHRP 
The presence of KAHRP in P. falciparum or its proteins homologues in P. 
vivax, P. malariae and P. ovale were tested by immunofluorescence using specific 
antisera (Crabb et al., 1997). P. falciparum KAHRP Knock Out (PfKKO) clone was 
used as negative controls and an AFM imaged knob confirmed platelet selecte
in as a positive control. The fluo
d microscope and a Nikon C1 confocal microscope. 
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Figure 3.9 Representative AFM images (left panel: deflection channesl; right panel: 
3D reconstruction from height channels) of the surfaces of different Plasmodium spp. 
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Table 3-2 Summary of nano-features associated with the surface of erythrocytes 
infected with the Plasmodium spp. commonly associated with human malaria. 
Species P. falciparum P. vivax P. malariae P. ovale 
Surface feature Knob Caveolae Knob Caveolae* 
Earliest appearance Trophozoite Ring Trophozoite** Trophozoite**
Density 
(feature/µm2) 
0-30 1-4 40-60 <1 
Height/ Depth (nm) 5-15 5-20 5-20 15-30 
Base Diameter (nm) 50-100 60-140 30-60 70-120 
* Limited information due to small sample size 
** Ring stages were not tested, thus the possibility of appearance of knobs on ring 
stage IRBCs was not excluded 
 
a) Plasmodium falciparum 
143 PRBCs from 11 P. falciparum clinical isolates and 60 reinvaded PRBCs 
from 3 isolates were examined. Knobby IRBCs were found in all the clinical cases 
(Figure 3.9). However, the proportion of knobby IRBCs in the population of all IRBCs 
was surprisingly low, only 19 of the 143 IRBCs from the clinical isolates were knobby 
(median 16.7% knobby IRBCs per isolate) (Figure 3.10). When merozoites from first 
generation schizonts infected RBCs from a healthy donor, the resulting median 
percentage of knobby IRBCs did not significantly change (P=0.371) (Figure 3.10). The 
median knob density of IRBCs from clinical isolates (~30/µm2) was four fold more 
than PRBCs from wild type laboratory clones (less than 10/µm2) (P<0.001) (Figure 
3.11). With the exception of less than 10% KAHRP negative (knob negative) IRBCs 
(Figure 3.12 E), most of the IRBCs examined were KAHRP positive regardless of 




msp1,msp2 and glurp), all of the clinical isolates used in this study were multiclonal,
east 3 clones per isolate.  w
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Figure 3.10 Knobless IRBCs found in clinical P. falciparum isolates. (A) AFM image 
(deflection channel) showing a knobby and a knobless cell sitting adjacently. (B) 
Percentages of knobby cells in wild isolates and in reinvaded isolates. P value was 































Figure 3.11 Comparison of densities of knobs from laboratory clones and clinical 
isolates. Numbers in brackets represent the number of isolates checked. 
 
 
gure 3.12 Detection of KAHRP using anti-KAHRP and immunofluorescence assay
) Negative control using KKO strain. (B) Positive control using selected 3D7. (C) P




negative and KAHRP negative clinical P. falciparum. (F) Knob positive and KAHRP 
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b) Plasmodium vivax 
 
surface of the P. vivax 
 constant over 
parasite ma re not host cell origin as 
reticulocytes e surface (Figure 3.14 A). 
The locations ed with the locations of Schuffner's dots 
as observed on the images of Giemsa stained slides (Figure 3.15). Despite the 
co e 
f a KAHRP cross-reacting protein. Confocal images suggested that the KAHRP 
cross-reacting protein was located on the merozoites but not on the surface of the 
IRBC (Figure 3.13 A).  
 
 
Figure 3.13 PfKAHRP antisera attachment in (A) Plasmodium vivax and (B) P. ovale. 
Eighty cells from twelve isolates were studied. No knobs were found on the
P. vivax IRBCs. Instead, caveolae were present on all the 
isolates at all stages (Figure 3.9 B) and the density and size appeared
turation (Figure 3.14. F, G). These structures we
 only occasionally had caveolae structures on th
of caveolae were well collocat
mplete absence of knobs, some of the P. vivax IRBCs were positive for the presenc
o
A B 
Green color is FITC conjugating with anti-KAHRP and blue color is DAPI staining 
parasite nuclei. Bars=5µm. 




stage (B), trophozoite stag  P. vivax IRBCs and a 3D 
image of caveolae (E) with quantitative plots of the density (F) and size (G) of 
caveolae at three key developmental stages. 
igure 3.14 Representative AFM and Giemsa staining images of reticulocyte (A), ring
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Figure 3.15 Co-localization of caveolae and Schuffner’s dots. Blue arrows indicate the 
well overlapped caveolae and Schuffner’s dots while red arrows indicate unstained 
caveolae. Bar=2µm. 
 
c) Plasmodium malariae 
All 32 P. malariae PRBCs including trophozoite (band form), schizonts and 
gametocyte stages from the eight isolates examined were covered with knob-like 
nanostructures we describe as ‘spikes’ (Figure 3.9 C). Although P. malariae spikes 
had the same height as P. falciparum knobs (~10-15nm), the basal diameter range was 
smaller at 30 to 60nm compared to the 50 to 100nm basal diameter of knobs of P. 
falciparum. The spike features of P. malariae were significantly denser than knobs on 
the ure 
both laboratory and clinical P. falciparum strains (P<0.001) (Figure 3.16 D). None of 
P. malariae PRBCs cross reacted with the P. falciparum KAHRP antisera (Fig
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3.12 C). In contrast to the featureless mature gametocytes of P. falciparum, the mature 
gametocytes of P. malariae were covered with similar spikes as asexual stages (Figure 
3.17). The spikes of P. malariae were trypsin insensitive, same as knobs of P. 




Figure 3.16 AFM and Giemsa staining images of (A) a laboratory P. falciparum clone 
(D6) IRBCs, (B) a clinical P. falciparum isolate IRBCs, and (C) a P. malariae IRBCs. 
(D) The density of knobs on IRBCs from five P. falciparum laboratory clones 
compared to isolates from ten clinical P. falciparum cases as well as five clinical 


























Chapter 3                                        AFM Imaging of Surface Morphology of Infected Cells                 
 
Figure 3.17 The knobless microgametocyte of P. falciparum (A) compared to the 
knobby microgametocyte of P. malariae (B). 
 
d) Plasmodium ovale 
Except for the presence of a few caveolae, no significant nano-features were 
observed on the surface of the P. ovale IRBCs (Figure 3.9 D). Despite the general 
absence of caveolae, Schuffner’s dots were present in most of the Giemsa stained 






presence of a KAHRP cross-reacting protein. As with P. vivax, confocal imaging 
ealed that the pattern of fluorescence correlated with merozoites on P. ova
 B).   
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3.4.3 Discussion 
It is generally assumed that most, if not all P. falciparum IRBCs circulating in 
the host will mature to become knobby (Ruangjirachuporn et al., 1992; Trager, 1989). 
However we show that about 85% of ring stage P. falciparum IRBCs circulating in 
vivo are destined to be knobless. As fully developed knobs are necessary for effective 
sequestration (Crabb et al., 1997; Dondorp et al., 2004; Rug et al., 2006), most of these 
knobless, assumed non sequestering IRBCs would be destroyed in the splenic 
sinusoids, representing a significant loss to the standing parasite biomass. As all of the 
P. falciparum isolates were multiclonal, it is not known whether the knobless 
phenotype is connected to a particular clone, or if phenotypic plasticity results in a 
heterogeneous knob expression pattern within a clone. We think the first explanation is 
more plausible given the homogenous phenotype within the five laboratory clones 
exam
As the main component of knobs is the knob-associated histidine-rich protein 
(KAHRP) (Crabb et al., 1997), we initially assumed the absence of knobs was due to 
the absence of KHARP expression. However, most of the knobless P. falciparum 
IRBCs were in fact KHARP positive and localized in the IRBC membrane as expected. 
These results suggest that although KHARP is being expressed and transported, it is 
not cross linking properly with the actin and spectrin subcomponents of the erythrocyte 
cytoskeleton.  This failure to cross link could have been due to mutations in the host 
cell cytoskeleton or mutations in the 5' repeat region of KAHRP (Rug et al., 2006). 
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negati e did not chv ange significantly when RBCs from a healthy donor was infected, 
sugges
ed in the majority of the ~500 million hosts currently infected with P. 
falcipa
ting that the knobless phenotype is not RBC cytoskeleton dependent. This result 
supports the idea that mutations in the C-terminal repeat region of KAHRP as 
described by Rug et al (Rug et al., 2006) may be responsible for the lack of knob 
protrusion in these KAHRP positive IRBCs. Alternatively an epigenetic switch 
controlled by parasitemia or host dependant factors could determine the knobby 
phenotype.  
Although the mechanism behind knobless P. falciparum IRBCs in clinical 
isolates still needs confirmation, the direct consequences of this knobless destiny is the 
central focus of this discussion. We hypothesize that the destruction of knobless non 
sequestering IRBCs which represents most of the standing parasite biomass, is an 
important factor in the maintenance of the non-fatal threshold parasitemia growth 
phase observ
rum (Snow et al., 2005). Parasite regulated knobbiness, which limits the 
unbridled parasite multiplicity as usually seen in murine malaria, might be the key 
adaptation by which P. falciparum has successfully co-evolved with their human hosts 
for the past 6 million years. The failure of a particular P. falciparum colony to regulate 
its knob phenotype will most likely have disastrous consequences, as these 
predominantly knobby isolates cytoadhere and clog microvasculature of the organs 
essential for the survival of their hosts (Dondorp et al., 2004). 
Plasmodium malariae remains an enigma in the infectious disease world. 
Although Quartan Malaria and its mild 72 hour fever cycle have been described for 
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over 2500 years, little is known about P. malariae. It is now widely recognized that the 
burden of P. malariae may have been underestimated, primarily due to microscopic 
misidentification (Cavasini et al., 2000). Although usually associated with mild disease, 
P. malariae is known to cause chronic anemia and occasionally severe renal diseases 
(Abdurrahman et al., 1990). The most perplexing problem associated with P. malariae 
is how it is able to escape splenic clearance and persist in the body for decades (Vinetz 
et al., 1998), despite the absence of a dormant liver stage. Sticky knobs or a highly 
deform
s of P. falciparum are 
absent 
able membrane are two adaptations P. falciparum and P.vivax IRBCs, 
respectively use to avoid splenic clearance (Suwanarusk et al., 2004).  
Data from past studies on P. malariae IRBCs using Transmission Electron 
Microscopy disagree; one study by Macenstedt et al. suggests no knobs and numerous 
caveolae (Mackenstedt et al., 1989),  Atkinson and Aikawa show the presence of 
knobs (Atkinson and Aikawa, 1990; Atkinson et al., 1987). Our study using molecular 
species confirmed P. malariae strongly supports the existence of knobs or spikes on 
the surface of P. malariae; it also shows that this species is surprisingly more knobby 
than P. falciparum. It is tempting to conclude that P. malariae uses these spikes to 
sequester and avoid splenic clearance in a manner similar P. falciparum. However, the 
frequent presence of mature stages of P. malariae IRBCs in the peripheral blood 
stream and the high density of spikes on the surface of the gametocyte, suggest that 
these spikes do not promote cytoadhesion. The sticky knob
in its sexual stages, enabling them to flow freely in the peripheral blood 
(Langreth et al., 1978b). If the spikes on P. malariae gametocytes were sticky they 
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would reduce transmission and fitness. Future studies should specifically investigate 
the cytoadhesive properties and deformability of P. malariae IRBCs. The absence of 
KAHRP cross reactivity in our study suggests the structural difference between knobs 
and spikes. Probably PfEMP1 is also absent, since these spikes are not supposed to be 
sticky and malrariae IRBCs appear in the peripheral circulation at all stages.  
Chloroquine resistant, relapsing malaria caused by Plasmodium vivax is now 
considered to be one of the most important threats to public health in Asia (Baird, 
2004). The inability to continuously culture this parasite has significantly hampered P. 
vivax research. Although there is some contention in the literature, it is generally 
accepted that the P. vivax has a highly deformable IRBC membrane (Jayavanth et al., 
2004; Suwanarusk et al., 2004), allowing its mature stages to squeeze though the 
splenic sinusoids thus avoiding destruction. The molecular structure and mechanical 
properties of the P. vivax IRBC membrane still remain a mystery. Our data showing 
numerous caveolae on the surface of Plasmodium vivax supports the findings of other 
studies (Lanners, 1991) . The general lack of caveolae on reticulocytes and high 
density on P. vivax IRBCs would suggest that they are parasitic in origin. The caveolae 
and associated vesicle complexes of P. vivax and P. ovale are likely to be involved in 
the transport of parasite derived proteins and lipids needed for the construction of the 
deformable IRBC membrane or endocytosis for uptake of nutrients (Bracho et al., 
2006). It is often thought that Giemsa stain crystals collecting in the opening of the 
caveolae produce the Schuffner’s stippling commonly observed by optical microscopy 
in P. vivax and P. Ovale (Gao et al., 1992; Matsumoto et al., 1986). Our overlays of 
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AFM and Geimsa images only show a partial colocalisation of Schuffner’s dots and 
caveolae. It is more likely that Schuffner’s stippling is due to Giemsa staining reticular 
structures within the cytoplasm of the IRRB (external to the parasitophorous vacuole). 
It is surprising to note that although the KHARP antisera did not cross react with the 
knobby P. malariae, it did with the merozoite proteins of P. vivax and P. ovale. This 
may confirm the presence of a putative hisitidine-rich knob protein homolog KPRPC 
(PlasmoDB, Pv003520) predicted from the recently published P. vivax genome. 
Although this protein may still have a function in P. vivax (such as merozoite 
adhesion), it may also be a redundant evolutionary protein from a knobby P. vivax 
ancestor.   
Although the knobby surfaces of P. malariae and P. falciparum IRBCS and the 
pitted surfaces of P. vivax and P. ovale provide spectacular examples of how parasites 
remodel the host RBC, it is the complete absence of these features in clinical isolates 
of P. falciparum that has most fascinating implications for future malaria research. The 
P. falciparum isolates used in this study were multiclonal, and were obtained from 
patients with both severe and uncomplicated malaria with stable parasitemias. Future 
studies should examine isolates from holoendemic regions where the parasite 
infections are more likely to be monoclonal. It would also be useful, but ethically 
challenging to examine the change in knob phenotype during the rising and plateau 
phase of the P. falciparum infection. A better understanding of the population 
dynamics and molecular mechanism behind the knobless PRBC phenotype has 
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important implications for the future management and treatment of severe P. 
falciparum infections.  
.   
3.5 Surface Morphology of Babesia-infected Red Cells 
Babesia bovis is a tick-transmitted apicomplexan parasite that causes 
babesiosis in cattle in many tropical and temperate regions of the world (Bock et al., 
2004). Typically, infections are characterized by hyperpyrexia and may include 
hypotensive shock, haemolytic anaemia and frequently fatal disturbances of the central 
nervous system (Homer et al., 2000; Wright et al., 1988). As many as half a billion 
cattle worldwide are at risk of infection by Babesia parasites and economic losses 
suffere
frequent causes of death. 
d by beef and dairy industries in many countries are enormous (de Waal and 
Combrink, 2006). 
Once introduced into cattle by infected ticks, Babesia parasites invade and 
replicate inside red blood cells. After invasion, young ‘single’ forms of the parasite 
mature and divide by binary fission to produce older ‘paired forms’ which are then 
released into the circulation when RBCs rupture. In the case of B. bovis infection, 
parasitized RBCs (PRBCs) sequester in post-capillary venules in a variety of organs, 
including the brain, for the majority of the parasites intraerythrocytic life cycle (Everitt 
et al., 1986; Wright and Goodger, 1979). While of clear benefit to the parasite, 
sequestration of PRBCs in the microvasculature is associated with the development of 
severe clinical syndromes such as cerebral babesiosis that, unless treated promptly, are 
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The pathogenesis of babesiosis caused by B. bovis is strikingly similar to 
human malaria caused by Plasmodium falciparum (Allred, 1995; Clark and Jacobson, 
1998; Cooke et al., 2005; Schetters and Eling, 1999). The magnitude of the burden of 
lucidate the mechanisms by 
which 
alciparum malaria infection, two major rheological abnormalities of 
PRBCs
tensively and many proteins that mediate these phenomena 
malaria on human health has fuelled intensive studies to e
Plasmodium parasites cause disease in the host; however, similar studies of 
Babesia parasites have remained relatively sparse. The pivotal role of RBC 
sequestration in the pathology of both malaria and babesiosis provides the impetus to 
obtain a better understanding of the cellular and molecular mechanisms that result in 
such altered circulatory behaviour of PRBCs. Furthermore, such information is also 
critical for the rational development of new and urgently required treatment modalities 
for both of these globally important parasitic diseases. 
During P. f
 have been described that dramatically impair their ability to circulate. First, 
PRBCs are rigid and poorly deformable, due in part to the presence of the large and 
intrinsically rigid parasite itself, and as a consequence of the effect of extensive 
parasite-induced modifications to the RBC that stiffen the membrane skeleton (Cooke 
et al., 2001, 2004b). Second, P. falciparum IRBCs are abnormally adhesive and bind 
to a number of diverse receptors expressed on the surface of vascular endothelial cells 
including CD36, TSP, ICAM-1 and CSA as well as to other PRBCs and non-infected 
RBCs (Cooke et al., 2001, 2004b; Sherman et al., 2003). The molecular mechanisms 
that underlie the altered mechanical and adhesive properties of malaria-infected RBCs 
have been investigated in
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have b
3.5.1 Sample Preparation 
Two strains of B. bovis (Anderson and K strain) and one strain of B. bigemina 
were kindly provided by Dr. Brian M. Cooke from Monash University (Australia).  
a) Babesia bovis-infected RBCs 
Two different lines of B. bovis were used, K-strain and Anderson. K-strain was 
originally isolated from an infected cow in Queensland, Australia in 1975 and 
attenuated by repeated rapid syringe passage through splenectomized calves. It was 
used as the sole vaccine strain in Australia from 1980 to 1989 (Bock et al., 1992). In 
contrast, Anderson is a virulent line that was isolated in Queensland, Australia, from a 
cow with a clinical B. bovis infection in 1989 and expanded by inoculation into a 
splenectomized calf (Bock et al., 1992). Aliquots of both parasite lines that had been 
stored and cryopreserved in liquid nitrogen were thawed and then cultured in vitro in 
bovine RBCs suspended in HEPES-buffered RPMI1640 supplemented with 
een extensively characterized. In contrast, the altered rheological properties of 
RBCs parasitized by B. bovis have not been as well described and only one protein has 
been identified which may play a role in their altered adhesive behaviour (O'Connor et 
al., 1999). Our studies here have revealed many similarities and interesting differences 
between Babesia- and Plasmodium-infected RBCs. Furthermore, with the imminent 
completion of a fully annotated genome sequence for B. bovis, and the availability of 
an animal model, our studies here can contribute to a much more comprehensive 
understanding of the molecular pathogenesis of this important parasitic disease. 
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AlbumaxII (1% w/v) and hypoxanthine (Jackson et al., 2001). For adhesion assays, 
cultured RBCs were re-suspended to a concentration of 1.5 × 108 RBCs /ml in fresh 
culture media with pH adjusted to 7.2 unless otherwise stated. The percentage of RBCs 
that were parasitized was quantified by microscopic examination of Giemsa-stained 
fixed smears. In some experiments, where determination of parasite maturity was 
required (one or two discretely visible parasites), suspensions of RBCs were stained 
with ethidium bromide following the procedure described for malaria-infected RBCs 
(Cooke et al., 2002), then visualized and counted by fluorescence microscopy under 
green (525nm) light.  
b) Trypsin Treatment 
• Spinned down culture and resusend to 1.5x108 RBC/ml. 
• Added trypsin at 0, 1, 10 & 50ug/ml and incubate 30min at 37 degrees. Mixed 
occasionally by inversion. 
• Added soybean trypsin inhibitor at 10x the amount of trypsin used, i.e. add 10, 100 
& 500ug/ml STI to tubes that have been incubated with 1, 10 & 50ug/ml trypsin 
respectively. Mix by inversion. 
• Centrifuged and wash once with media. 
• Resuspended to 1.5x108 RBC/ml in media. 
Slides were stained according to the previously introduced AFM staining and 
smear method. 
c) Atomic force microscopy 
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To examine and quantify cell surface architecture, PRBCs on air-dried thin 
blood smears were imaged using a scanning probe atomic force microscope 
(Dimension 3100, Veeco Instruments, Santa Barbara, CA) with a NanoScope IIIa 
controller (Veeco Instruments, Santa Barbara, CA). Probes used for Tapping Mode™ 
in air imaging were 125-µm-long, single beam-shaped silicon cantilevers (Model # 
RTESP, Veeco Instrument) with a tip radius of curvature less than 10 nm and spring 
constants ranging from 20 to 80 N/m. Both height and amplitude images were captured 
at a resolution of 512 × 512 pixels and a scan rate of 0.5–1.0Hz depending on the scan 
scale, which ranged from hundreds of nanometres to tens of microns. Scanning images 
were recorded using Nanoscope 4.43r8 software then processed and analyzed using 
d using Minitab software (Minitab Inc. USA). P-values 
 
ap ext 
wherever a P-value is given. P<0.05 was considered statistically significant. 
3.5.2 Results 
Examination of the surface architecture of RBCs parasitized by the B. bovis at 
high resolution using atomic force microscopy revealed numerous striking ridge-like 
protrusions (hereon termed ‘ridges’) on the surface on all RBCs infected with virulent 
parasites (Figure 3.18 A, B). Measurement of 676 ridges on 24 separate PRBCs 
Nanoscope 5.12r4 software (Veeco Instrument). 
d) Statistical analysis 
All data were analyze
were calculated from two-tailed parametric or non-parametric t-tests or by ANOVA as
propriate. The test performed in any comparison is stated throughout the t
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reveale
 their overall dimensions were not 
diff  on virulent parasite-infected RBCs. Interestingly, ridges 
could n
s that can 
be visualised on the surface of human RBCs infected with P. falciparum malaria 
parasites (Figure 3.18 E, F). Unlike ridges, malaria knobs are spherical, not elliptical, 
elongated structures with a mean diameter of approximately 100 nm but with a mean 
height (10-20 nm) that is similar to that for ridges (Li et al., 2006; Rug et al., 2006). 
 
d that, on average, they are approximately 200nm long (range 100 nm to 
250nm), 70nm wide (range 40nm to 90nm) and approximately 10nm high (range 6mn 
to 13nm) from the plasma membrane of the PRBC.  The number of ridges was related 
to both the stage of parasite maturity and the level of virulence (Figure 3.19, Figure 
3.20). Quantitatively, the number of ridges on RBCs infected with paired forms of the 
virulent parasite line (14.0 ± 7.4/µm2; mean ± std, n=64) was almost twice that of the 
number present on RBCs infected with younger single forms of the parasite (7.8 ± 
2.3/µm2; mean ± std, n=36). In contrast, the number of ridges on the surface of PRBCs 
infected with the avirulent parasite line was lower (4.9 ± 2.3/µm2; mean ± std, p < 
0.001, n=42 and 1.9 ± 1.9/µm2; mean ± std, p < 0.001, n=30 for paired and single 
parasite infected RBCs, respectively), although
erent from those present
ot be visualised on the surface of RBCs infected with B. bigemina parasites that 
are known to be non-adhesive for vascular endothelial cells and which cause only mild 
or unapparent disease in cattle (Figure 3.18 C, D). Using AFM, we directly compared 
ridges on the surface of B. bovis-infected RBCs with the knob-like structure
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Figure 3.18 Surface architecture of PRBCs imaged by atomic force microscopy 
(Hutchings et al., 2007). (A) Bovine RBC infected with B. bovis showing ridge 
protrusions visible on the cell surface. (B) Higher magnification of the RBC in (A) 
showing ridge morphology in greater detail. (C) Bovine RBC infected with 
B. bigemina. Note the absence of ridges on the RBC surface. (D) Higher magnification 
of the RBC in (C). (E) Human RBC infected with P. falciparum (mature stage, 3D7 
clone). Note that the surface is punctuated by numerous knobs (compared with ridges
(F) Higher magnification of the RBC in (E). Black scale bars represent 1 µm for (A),
). 
 
(C) and (E) and 0.5 µm for the higher magnifications in (B), (D) and (F). All the 














Figure 3.19 Variation in the number of ridges on the surface of B. bovis-infe
in relation to parasite maturity and level of virulence. Typical AFM images showing 
the variation in the number of ridges present on the surface of bovine RBCs infected
with either single (B and D) or paired (A and C) forms of B. bovis (Anderson or 
K-strain). 
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Figure 3.20 Statistical quantification of density (A) and height (B) of ridges. S 
represents single and D represents double or paired. 
 
Cursory examination of the AFM images of B. bovis-infected RBCs suggested 
that there was some sort of preferred orientation of the ridges. We set out to quantitate 
the orientation of ridges on 22 PRBCs by measuring orientation of ridges (in terms of 
deviation of their angles from the vertical) that were contained in 4 circles of fixed area 
circumscribed, at 90° to each other onto each RBC image. This accounts for the radial 
symmetry of RBCs. This experiment revealed that the distribution of angles of all 
ridges in each circle were dissimilar, indicating that the distribution is random and 
there is no fixed or preferred orientation for ridges on the RBC surface. 
Interestingly, treatment of B. bovis infected RBCs with trypsin showed a 
ber of ridges present on the RBC surfac  
igure 3.21). After treatment with trypsin at 50µg/ml for 30 minutes at 37 C, the 
p  
ridge-forming moiety is proteinaceou and is exposed on the RBC surface. 
This is in stark contrast to the knobs on the surface of P. falciparum-infected RBCs 
A B 
econcentration dependent decrease in the num
°(F
number of ridges present on the surface of RBCs infected with the virulent Anderson 
arasite line was reduced significantly by about 75%. This suggests that the
s in nature 
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which were completely resistant to digestion when treated with similar concentrations 
of trypsin.  
 
 
Figure 3.21 Effect of trypsin on B. bovis ridges and P. falciparum knobs. AFM 
deflection images of the surface architecture of bovine RBCs infected with B. bovis 
(Anderson) parasites either before (A) or after treatment with trypsin for 30min at 
1 µg/ml (B), 10 µg/ml (C) or 50 µg/ml (D). Quantification of the number and height of 
the ridges after the various trypsin treatments is shown in (E) and (F) respectively. For 
comparison, AFM images of the surface architecture of human RBCs infected with 
P. falciparum are shown before (G) or after (H) treatment with trypsin at 50 µg/ml. 
Note that in stark contrast to B. bovis ridges, P. falciparum knobs are unaffected by 
trypsin treatment (I). Black and white scale bars represent 1 µm for B. bovis (A–D) and 
P. falciparum (G and H) respectively. (Hutchings et al., 2007) 
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3.5.3 Discussion 
For years, electron-dense knob-like structures (knobs) on the surface of RBCs 
infected with P. falciparum malaria parasites have been associated with their adhesion 
to endothelial cells, both in vitro and in vivo. Structures called ‘stellate protrusions’, 
supposedly similar to knobs, have been reported on the surface of bovine RBCs 
infected with B. bovis (Aikawa et al., 1985; Everitt et al., 1986; O'Connor et al., 1999; 
Wright, 1972) although these appeared to be much larger projections (320nm x 160nm) 
when compared with knobs on P. falciparum-infected RBCs (150nm x 65nm) and 
showed much lower focal electron density (Aikawa et al., 1985; O'Connor et al., 1999). 
Like knobs, stellate protrusions have also been previously described to be points of 
contact between the PRBC and the endothelial cell, both in vitro (O'Connor et al., 1999) 
and in vivo (Aikawa et al., 1992; Wright et al., 1979). When we compared the surface 
architecture of bovine RBC infected with B. bovis with human RBCs infected with P. 
falciparum using atomic force microscopy, we were surprised to see a distinct 
morphological difference between these purportedly similar structures. In contrast to 
the spherical, knob-like structures on the surface of P. falciparum-infected cells (Rug 
et a led 
el e 
R  
dges remains cryptic although the identification of the parasite protein responsible for 
l., 2006), the structures on the surface of B. bovis-infected RBCs resemb
ongated ridges rather than spherical knobs. Interestingly, ridges were absent on th
surface of bovine RBCs infected with B. bigemina, which are analogous to human 
BCs infected with P. vivax (and, like P. vivax-infected RBCs, do not adhere and
sequester in vivo). At the present time, the precise molecular composition of theses 
ri
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the formation of these structures should become possible with the imminent 
completion of the annotated genome sequences for both B. bovis and B. bigemina 
parasites. Since ridges are approximately the same molecular length as a spectrin 
heterodimer of the RBC skeleton (~200nm), we reasoned that they may be composed 
of a parasite protein that is in fact directly associating and aligning itself along the 
length of spectrin molecules. However, we discount this possibility for two reasons. 
First, the ridges appear to be randomly distributed on the RBC surface with no 
preferred orientation; and second, the distance between junctional complexes in RBCs 
in their ‘native’ un-stretched state is likely to be less than 100nm. Clearly, further work 
to image PRBCs by AFM in combination with methods to simultaneously visualise 
individual proteins of the RBC skeleton, together with knowledge of the structural 
features of the ridge-forming protein will be required to fully elucidate the reason for 
the shape of the ridges. 
We were, however, surprised to find that, in contrast to P. falciparum knobs, B. 
bovis ridges were sensitive to trypsin digestion, suggesting that the ridge-forming 
protein has an extracellular domain exposed on the RBC surface. Surprisingly, 
although it is likely that many other malariologists would believe that knob structures 
are resistant to trypsin digestion, this, to our knowledge, is the first time that the 
trypsin insensitivity of P. falciparum knobs has been reported. At present, we cannot 
explain why treatment with trypsin causes ridges to collapse but suggest that a 
trypsin-sensitive portion of a yet undescribed exported parasite protein, which is 
exposed on the RBC surface, but linked to the RBC-membrane skeleton, is responsible 
 111
Chapter 3                                        AFM Imaging of Surface Morphology of Infected Cells                 
for aggregating the parasite protein into a ridge-like conformation. The formation of 
ridges, therefore, appears to be fundamentally different from the process by which 
knobs are formed on the surface of RBCs infected with P. falciparum in which the 
parasite protein KAHRP self aggregates underneath the RBC membrane without the 
involvement of a surface-exposed aggregating protein domain (Chishti et al., 1992; 
Crabb et al., 1997) and the resulting knob structures appear to be resistant to 
destruction by proteases.   
 
3.6 Conclusions 
In summary, this chapter comprehensively investigated the surface 
morphological changes on red cells parasitized by different strains of human malaria as 
well as bovine babesiosis. Our newly developed imaging method combining AFM and 
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sequently induce mechanical property changes, shown by 
e increased stiffness and cytoadherence (stickiness) of the infected cell membrane. In 
molecular basis of increased stickiness will be explored using the 
single m
thelium occurs under physiological shear stresses in blood vessels and 
volves an array of molecule complexes which cooperate to form the stable binding. 
As reviewed in Chapter 1, CD36, TSP, CSA and ICAM-1 are able to form stable 
bindings in static assay, and are widely expressed on the surface of endothelium in 
various organs, and thus are thought to be the major receptors mediating 
cytoadherence. However, their dynamic properties under flow conditions are different: 
CD36 and CSA form stable bindings whereas ICAM mediates rolling adhesion and 
TSP fails to form stable bonds under flow conditions (Cooke et al., 1994). This 
indicates the kinetic properties of these potential cytoadherent molecules are critical 
 
In the previous chapter, AFM was applied to study the surface morphology of 
different species of malaria infected cells as well as related Babesia bovis infected cells. 
These structural changes sub
th
this chapter, the 
olecular force measurement capability of AFM. 
Cytoadherence, or cell-cell adhesion, represents an essential process in the 
pathogenesis of the most virulent human malaria species, Plasmodium falciparum (P. f) 
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for understanding the molecular mechanisms behind IRBC-endothelium interactions.
ore, to date, most studies have focused on a population of cells and few have 
 
Furtherm
accurately quantified the binding strength between a specific molecule and a single 
fected cell which is important to assess the pathological roles of the specific 
molecu
4.1.1 Sample Preparation: Tip Functionalization 
The first step of our experiments was to attach receptor molecules to the AFM 
tip, usually by covalent bonds via flexible linker molecules (Hinterdorfer, 2002; 
Hinterdorfer et al., 1996). The flexible linker provided a higher degree of freedom of 
receptor orientation and allowed the molecule to diffuse within a certain unconstrained 
volume provided by the length of the tether, thereby enhancing the chance of binding 
to its receptor. Also, polymer linkers decreased nonspecific interactions significantly 
(Bustanji et al., 2003). A one step cross-linking procedure using BS3 
(Bis(Sulfosuccinimidyl) suberate) was chosen to crosslink two NH  ends together for 
its easy preparation. In our anchoring protocol (schemed in Figure 4.1), the first step 
in
le and understand in detail how cell-cell adhesion is controlled at the molecular 
level. In this chapter, force spectra of CD36 and TSP against infected cells as well as 
CD36 against recombinant CIDR (cysteine-rich interdomain region on PfEMP-1) 
peptides are obtained under well controlled conditions, through which the dynamic 
force spectra and the intrinsic kinetic properties of these two cytoadherent molecules 
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was to introduce prime amine groups to the silicon nitride tip. A thin layer of BSA 
adsorbed on the tip was used as a source of NH  groups (Chang et al., 2005).  In the 
second step, one NH  end of a homobifunctional PEG (polyethylene glycol) polymer 




3 which contains an 
amine-reactive NHS-ester at each end with an 11.4 angstrom (8-atom) spacer arm. In 
the third step, the primary amine terminals from the receptors (CD36 or TSP) were 
linked to the other NH  end of PEG again by the help of BS2 3. As an alternative, if the 
primary amine terminals were the active binding sites to the ligands on infected cells, 
EDC could be used to crosslink primary carboxyl terminals on the receptor molecules 
to the NH  end o2 f PEG linkers (Friedsam et al., 2004). Although this method was easy 
to perform and required no special equipment and conditions for the reaction to occur, 
advantages with this method was that it did not support site-specific 
coupling of proteins, since amine or carboxyl residues are quite abundant in a protein 
and the residue which linked to the tip was not controlled. Some other crosslinking 
methods such as utilizing Fc (fragment crystallizable) or GST (glutathione 
S-transferase) residues or His6 (six-histidine tag) genetic handles on a recombinant 
protein could be used alternatively to achieve specific-site coupling if necessary. 
a) Materials: 
Silicon nitride tips (model MLCT, Veeco Instruments, Santa Barbara, CA), 
bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis), homofunctional PEG8 
(polyethylene glycol, 8 repeated units) with two NH2 ends (Pierce Biotechnology, Inc., 
Rockford, IL), BS3 (Bis(sulfosuccimidyl) suberate) (Pierce Biotechnology, Inc., 
one of the dis
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Rockford, IL), EDC (1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride) 
(Pierce Biotechnology, Inc., Rockford, IL), deionized water, 1 X PBS, glycine 
(Sigma-Aldrich, St. Louis), TSP-1 (Sigma-Aldrich, St. Louis), CD36 (R&D Systems, 
Inc., Minneapolis, MN), Anti-TSP (Bioscience), Anti-CD36 (US biology), secondary 




Step 3: Attachment of proteins 
 
Figure 4.1 Reaction scheme for the covalent attachment of CD36/TSP to a bare Si3N4 
AFM tip. CD36 or TSP may be linked to the probe tip mainly via available amino 
 











NH2^^^^^^^^NH2+ BS3+ NH2— 
NH2^^^^^^^^NH2+ EDC+ COOH—
OR CD36 or TSP 
groups from lysine amino acid residual or exposed carboxyl groups. 
Details of the tip functionalization protocol are listed below: 
b) Procedures: 
1. Cleaned the AFM tips in the UV cleaner (Veeco) for 20min. 
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2. Incubated the tips in 0.1% BSA in PBS solution (1mg/ml BSA in PBS) for 
overnight in 4ºC. 
3. Rinsed with PBS for three times. 
4. Immersed tips in BS3 crosslink solution (1mM in PBS, ~1mg in 2ml PBS) for 
30min at room temperature. 
5. Washed with PBS. 
6. mersed the tips into PEG solution (2mM in PBS, ~2mg in 1ml PBS) for 2h 
at roo
7. Quenched the reaction by 0.1M glycine in PBS for 15min. 
8. Washed with 1 X PBS (pH7.4) se  times. 
9. Immersed tips in BS  crosslink solution (1mM in PBS, ~1mg in 2ml PBS) for 
30min at room 
10. Wash
11. Immersed the tips into CD36 or TSP solution (10ug/ml) for 2h at room 
temperatur
12. Quenched the reaction by  glycine in PBS for 15m
13. unctiona . 
14. Pr ml fresh 







ed with PBS. 
e. 
 0.1M in. 
Used the f lized AFM tips within one day
Or following step 11 
epared 50µl CD36/TSP (10ug/ml) solution; mixed with 50µl 1mg/
prepared EDC solution for 15min at room temperature. 
15. Immersed the 
16. Washed the tips using PBS and quenched the reaction by 0.1M
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17. Used the functional tips within one day. 
 
 functionalized AFM tips: 
2.  tips into anti-CD36 or anti-TSP solution for 1 
4. ated secondary antibody in 3% BSA (1:1000). 
 
4.1.2 Sample Preparation: Enrichment of Infected Cells and Substrate Coating 
Since only late stage (trophozoite and schizonts) infected cells express knobs 
and cytoadherent molecules on the surface, we had to separate them from normal and 
early stage infected cells to perform the test. There are several methods of enrichment, 
such as the gelatin flotation method (Waterkeyn et al., 2001), percoll gradient method 
(Andrysiak et al., 1986) and most recently developed magnetic column method (Trang 
et al., 2004). Magnetic column method was found to be the most efficient and 
time-saving method and all the fresh cultures were enriched by this method before 
moving to the next step.  
c) Immunofluorescence staining of
1. Prepared primary antibody at appropriate dilution (10ug/ml) in 3% BSA/PBS. 
Immersed the functionalized
hour. 
3. Washed the tips for 5 minutes with PBS. 
Prepared Alexa conjug
5. Incubated tips with secondary antibody for 1 hour. 
6. Washed the tips for 5 minutes with PBS. 
7. Put the tips in a two-well chamber and checked with confocol microscopy 
(Nikon C1, Japan). 
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Following coating AFM tips with target receptors and preparing enriched late 
tage infected cells, the next step was to immobilize infected cells on a proper 
sub  a glass substrate 
wit  
gly
to glas gh similar surface chemistry modification as functionalization of AFM 
tips
 PfEMP1 
as ptides fused with GST 
(Gl to the substrate, via the antibody 
rec
This pr tee the active sites on CIDR would be accessible by the tip 
oated molecules.  
Here are the details of the protocols. 
a) Materials: 
13mm diameter circular coverslip, 30% hydrogen peroxide, 98% concentrated 
sulfuric acid, APTES (3-anionopropyltriehoxysilane), 100% acetone, BS3 
[Bis(sulfosuccimidyl) suberate], deionized water, PBS (pH 7.4), glycine, PHA-E 
(lectin from Phaseolus vulgaris erythroagglutinin) (Sigma-Aldrich, St. Louis), 
recombinant CIDR peptide (a gift from Dr. Cooke, BM, Monash University, Australia), 
anti-GST (Sigma-Aldrich, St. Louis).  
 
s
strate for stable force measurements. This was achieved by coating
h lectin molecules which strongly bound to carbohydrate molecules and
coprotein on the cell surface (Liu et al., 2003). The lectin molecules were attached 
s throu
 (BS3 crosslinking NH2).  
In order to study the interaction between CD36 and its major ligand,
reviewed in Chapter 1, recombinant CIDR pe
utathione-S-transferase) tags were attached 
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b) 
4. 
rom the midiMACS magnet and added another 1ml rinsing buffer 
lls to flow out for collection.  
of substrate coating: 
1. 
ture. 
5. Washed with PBS. 
Procedures of the enrichment using midiMACS separation kit (Miltenyi 
Biotec, Bergisch Gladbach, Germany):  
1. Preloaded the LD column to the midiMACS setup and pre-rinsed with 1ml 
mixture of 20:1 2mM EDTA and 10% BSA rinsing buffer.  
2. Centrifuged 10ml of parasite culture to get a pellet.  
3. Resuspended the pellet in 1ml rinsing buffer and added to the pre-rinsed 
column.  
Add 2ml rinsing buffer to the column when the sample loading tube was free of 
cells.  
5. Add another 2ml rinsing buffer when the sample loading tube was free of 
medium.  
6. When solution at the outlet of the column became free of red color, removed 
the column f
to the column to allow the infected ce
c) Procedures 
Cleaned the coverslips in the UV cleaner (Veeco) for 20min. 
2. Incubated the coverslips in 0.1% BSA-PBS (1mg/ml BSA in PBS) for 
overnight in 4ºC. 
3. Rinsed with PBS three times. 
4. Immersed the coverslips in BS3 crosslink solution (1mM in PBS, ~1mg in 2ml 
PBS) for 30min at room tempera
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6. Dropped 50µl PHA-E solutions (0.1mg/ml in PBS) on to BS3 treated 
cover-glasses for 2h at room temperature. 
7. Quenched the reaction by 0.1M glycine in PBS for 15min. 
Washed with PBS (PH7.4) several times. 8. 
°C, and used within two 
10. 0 µl enriched cells on the coated substrate in room temperature for 
tely.  
1.  coverslips in the UV cleaner (Veeco) for 20min. 
3. 
sslink solution (1mM in PBS, ~1mg in 2ml 
oom temperature. 
 glycine in PBS for 15min. 
. 
nd peptides in PBS and used immediately. 
9. Stored the PHA-E coated cover-glasses in PBS, at 4
weeks. 
 Incubated 5
15-30min, then washed away unbound cells gently. The sample could be used 
immedia
d) Procedures of substrate coating for CIDR: 
Cleaned the
2. Incubated the coverslips in 0.1% BSA-PBS (1mg/ml BSA in PBS) for 
overnight in 4ºC. 
Rinsed with PBS three times. 
4. Immersed the coverslips in BS3 cro
PBS) for 30min at room temperature. 
5. Applied 50µl anti-GST solution (10µg/ml in PBS) to BS3 treated cover-glass 
and left for 2h at r
6. Quenched the reaction by 0.1M
7. Applied 20µl CIDR peptide solution (100µg/ml in PBS) to anti-GST coated 
cover-glass for 2h at room temperature
8. Washed away unbou
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4.1
 NanoScopeIV controller (Veeco 
Ins ion forces between 
CD les were held in a fluid cell and the 
loc
Triangular silicon nitride cantilevers with nominal spring constant of 0.01N/m were 
use
Instrum
was ca  by the nondestructive thermal tune method before each 
exp the Nanoscope 6.12 software. A 
50X nfirm the infected 
cell
force m meters (ramp size around 2-5µm, contact force in relative 
trig contact time around 50-300ms) were adjusted 
acc
frequen ainly from single 
bon
2-5µm ed within the range of 100nm/s to 15µm/s 
to force spectra. The 
forc
screen e different locations on each infected 
.3 AFM Data Collection 
A MultiMode PicoForce system with
truments, Santa Barbara, CA) was used to measure the adhes
36/TSP functionalized tips and IRBCs. Samp
al environmental temperature could be adjusted through a temperature controller. 
d for functionalization and force curve collection (MLCT-AUNM, Veeco 
ent, Santa Barbara, CA). The spring constant of each functionalized cantilever 
librated in situ
eriment using the built-in function provided by 
 objective lens was mounted to the optical microscope to help co
s by identifying the hemozoins that were seen as black dots inside the cells. In 
ode, setting para
ger mode around 50-300pN and 
ordingly to obtain reproducible single-peak specific interaction force curves at low 
cy (<30%). This would provide confidence on the rupture m
d (Hanley et al., 2003). All the approaching velocities were set at constants of 
/s and the pulling speeds were adjust
scan over a range of loading rates for constructing the 
e-extension curves for each approach-contact-retract cycle were monitored on the 
and captured continuously. At least thre
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cell w re tested for 100–200 cye cles at each pulling velocity to collect a set of adhesion 
curves 
a) Different types of force curves encountered 
Typical examples of force-distance curves collected from the experiments are 
shown in Figure 4.2. When a bare tip was tested on hard mica surface (Figure 4.2 A), 
typically there was a sharp transition from horizontal line to a constant slope indicating 
the contact point in approaching trace and there was no interaction or rupture peak in 
the retraction trace. When a bare or functionalized tip was tested on soft normal cells 
(Figure 4.2 B), the transition in approaching trace was smooth and continuous due to 
deformation of cells but usually no interactions were formed. Usually the indentation 
part in the approach and retraction traces obtained on soft cells did not overlap because 
of viscoelastic properties of the cells. When a functionalized tip was tested on infected 
cells (Figure 4.2 C, D, E, F), approaching trace was similar to that on normal cells but 
in some curves, the retraction trace showed nonlinear extension below the zero line 
followed by sudden rupture. In such curves, the magnitude of the peak was assigned as 
with a binding frequency varying between 5-40%.  
When the temperature control was switched on, the whole system as well as the 
sample was left to equilibrate for at least 30 minutes before the experiments were 
conducted. 
All experiments at the same conditions were repeated on different cells and 
using different tips.  
 
4.1.4 AFM Data Analysis 
 123
Chapter 4 Single Molecular Force Spectroscopy Study of Ligand-Receptor Interactions Involved in Cytoadherence  
the rupture force Frupture and the gradient in the extension immediately before rupture 
was assigned as keff, which was the effective bond stiffness used to calculate the 
loading
owed different magnitudes (Figure 4.2 C and D) and there was a gap 
betwee
to the overlapped zero lines captured at slow speed. This was 
because of the hydrodynamic drag acting on the cantilever in the fast pulling. Also 
there could be either one or multiple peaks in one curve (Figure 4.2 E), which was 
determined by the functional groups available on the tip and the density of bonds 
formed in the contact area. If there were multiple peaks, only the last peak was used to 
construct subsequent histograms for single bond strength as the other peaks were 
probably mechanically induced unfolding of some weak domains in ligands or 
receptors. Even if the peaks in-between resulted from unbinding of ligand-receptor 
complexes, there obviously were multibonds formed and the bending of cantilever 
might not balance to a single fully stretched bond but to several unfully stretched 
bonds in parallel (Baumgartner 2000). Interestingly, there was a subset of force curves 
collected which showed planar extension before rupture. This is possibly due to tether 
formation from the red cell membrane (Figure 4.2 F). In such a case, the external force 
acting on the molecular bonds remained constant and the ruptures of the bonds mainly 
resulted from thermal fluctuation under the facilitation of the applied force. Therefore 
these curves were excluded from analyses in the current study. 
 rate (keff by pulling speed) experienced by the bound complex in the particular 
unbinding event (Figure 4.2 G). The rupture forces obtained at different retraction 
velocities sh
n the zero lines in the approach and retraction traces in the curves captured at 
fast speed compared 
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Figure 4.2 Representative profiles of the force curves obtained. (A) 
Force-displacement (F-D) curve obtained on a hard substrate surface. (B) F-D curve 
obtained on soft cells. (C) Specific single peak rupture at low pulling velocity. (D) 
Specific single peak rupture at high pulling velocity, gap between the zero lines of 
approaching and retraction traces was due to hydrodynamic force induced on the 
bending of the cantilever. (E) Specific multi-peaks ruptures, only the last peak was 
assigned as single bond rupture. (F) Planar extension curves indicating tether 
formation. (G) An example of F-D curve with rupture force
stiffness identified. 
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b) Statistical analysis 
For each force curve showing specific rupture, bond strength (Frupture) and 
loading rate (the product of keff by the retract velocity) (Figure 4.2 G) were determined 
using a code written in MATLAB (The MathWorks, Natick, MA.). To construct the 
force spectra under certain conditions, about 1,000-2,000 force curves with specific 
rupture events were collected over 10-15 different velocities which covered 3-4 orders 
of loading rates (roughly ranging from 10 to 100,000pN/s). Biophysical parameters 
were characterized by applying Bell-Evans model to fit the experimental data (Evans 
and Ritchie, 1997b) analyzed using the binning m d by Hanley et al. 
(Hanley et al., 2004) and Panorchan et al. (Panorchan et al., 2006). The overall force 
spectra was partitioned by using binning windows of 100pN/s for loading rates 
between 100 and 1,000pN/s and by binning windows of 1,000pN/s for loading rates 
between 1,000 and 10,000pN/s and so on. Each bin yielded a peak force by Gaussian 
fitting. By plotting the peak force as a function of mean loading rate for each bin, the 
unstressed dissociation rate and the free energy barrier width for the molecular 
interactions were extracted. 
 
4.2 Results and Discussion 
4
t 
dye conjugated antibodies and observed under confocal microscopy. It was clearly 
ethod develope
.2.1 Results 
a) Tip functionalization 
Figure 4.3 shows a freshly prepared functionalized tip labelled with fluorescen
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show  by 
the er hand, although fresh untreated tips showed some 
autoflu
were performed on enriched samples so as to increase the 
chance that the tip would hit an infected cell instead of a normal cell, thus 
 prior imaging and localization of infected cells. This 
strategy also avoided potential contamination arising from frequent tip engagement in 
imaging, which could also affect subsequent force measurements and result in artefacts. 
As shown in Figure 4.4, after enrichment, the infected cells constituted 80~90% of 
n that the whole cantilever as well as the pyramid shaped tip was fully covered
 receptors. On the oth
orescence signals on the cantilevers, it was noted that the tip region was free of 
fluorescence which indicated probable non-specific adsorption of antibodies on 
cantilever but not on the tip. This confirmed the successful conjugation of receptors 
onto the tips.  
  
Figure 4.3 Three dimensional views of confocal microscope images of AFM tips with 
(A) and without (B) TSP receptors conjugated. Bars=5µm. 
 
b) Substrate preparation and culture enrichment 
Force measurements 
A B 
circumventing the need for
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total ce
 
Figure 4.4 Optical microscope image of enriched IRBCs and an AFM tip. The 
parasitized cells are distinguished by the internal haemozoin crystals. Bar=5µm. 
 
c) Contr
To ensure the measured forces were resulted from specific interactions between 
tip coated receptors and the cell expressed ligands, it is important to check all the 
possible combinations of different steps of tip and sample treatments to rule out 
possible artefacts from nonspecific interactions.  
 
lls, significantly facilitating the subsequent force measurement. Otherwise, it 
would be very difficult to differentiate normal cells and infected cells under the 
low-resolution stereo optical microscope attached to the AFM system.   
ol results 
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Table 4-1 Control experimental design and results. All the possible combinations of 
different levels of functionalized AFM tips against different samples were tested to 
exclude non-specific interaction induced artefacts. 
on substrate Molecules on tip 
Molecules or cells Results 
Fresh tip nRBCs/IRBCs No interaction 
BSA coated tip nRBCs/IRBCs No interaction 
PEG linkers nRBCs/IRBCs No interaction 
TSP/CD36 PEA-E coated mica 
Some interaction but much shorter 
extension compared with that collected on 
cells 
TSP/CD36 nRBC No interaction 
CD36 with 
blocking antibody IRBCs 
Frequency of interaction was significantly 
reduced from 35% to 11% 
CD36 with 
blocking antibody CIDR 
Frequency of interaction was significantly 
reduced from 28% to 8% 
 
In the control experiments, combinations of fresh tips, semi-functionalized tips 
(same surface chemistry modified tip but with no proteins attached) and fully 
func ere 
sted as listed in Table 4-1. The results confirmed that the receptor molecules did not 
interact non-specifically with normal RBCs, and IRBCs did not interact with non-fully 
functio
ut of the whole set of force curves) 
tionalized tips versus coated mica surface, normal RBCs and infected RBCs w
te
nalized tips. Additionally, blocking antibodies (clone SMφ, Abcam Plc, 
Cambridge) against CD36 was introduced to block the interaction of CD36 as a further 
level of control experiment. It was shown that the binding frequency (defined as the 
number of force curves showing binding events o
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ion of force spectra 
















Sc 6-IRBCs at room temp
 
Figure 4.5 Scatter plot of rupture force versus loading rate for CD36-IRBCs interaction 
at room temperature. 1,888 force curves collected at 12 pulling speeds were used to 
generate the scatter plot. Dashed lines indicate the different sized bins chosen for 
 
ading rate (pN/s)
atter Plot: CD3 erature  
further binning analysis. 
From each force curve showing a specific bond rupture event, a pair of rupture 
force and the corresponding apparent pulling or loading rate could be extracted as 
described in Methods (Figure 4.2 G). For each protein-cell or protein-protein 
interaction test at fixed temperature, a total of 1000-2000 rupture forces were collected 
over varying loading rates (by the means of changing pulling velocity). Each set of 
data could be visualized on a scatter plot as shown in Figure 4.5.   
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To further construct the force spectra, the data was binned as described in the 
Method (also shown in Figure 4.5). Within each bin, a force histogram and a loading 
rate histogram were generated and fit with Gaussian distributions to extract the mean 
rup te. By plotting the mean rupture forces as a 
function of the mean loading rates, the raw force spectra were obtained (Figure 4.6). 
However, some corrections needed to be done on the raw spectra for further analysis. 
As shown in Figure 4.7, the data size within each bin varied strikingly, mainly due to 
uneven distribution of loading rate over the whole spectra and uneven bin size. Small 
sample size would result in significantly biased estimation of the mean value, thus, the 
last three points in the extreme high region were excluded from the analysis, as marked 
as green points in Figure 4.6. On the other hand, the first data point in the low extreme 
region was shown to be poorly fit to the model predicted line. This could be due to 
limited sensitivity of the instrument for small force detection (Kuhner and Gaub, 
2006), or as some literature has argued, could be nonlinearity at low loading rate 
200 id 
onfusion.   
ture force and the mean loading ra
(Friedsam et al., 2003) or another inner barrier of the molecule complex (Evans et al., 
1; Merkel et al., 1999a, b). This was also excluded from further analysis to avo
c
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hydrodynamic drag and small data size affected data
Bell-Evans model fit to unbiased data
 
Figure 4.6 The force spectra of CD36-IRBCs interaction constructed after applying the 
binning method. Some outliers at the two extreme loading rate regimes were excluded 
from fitting to the Bell-Evans model predicted line (blue and green colored points) due 
to either small sample size or insufficient sensitivity. The Bell-Evans model predicted 
line is also included as an indicator for outliers. 
 










Uneven data size for different bin: CD36 at room temperature
 
Figure 4.7 Plot of data size for different bins used to construct the force spectra of 
CD36-IRBCs interaction at room temperature. Some bins (index of 23, 24 and 25) had 
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e) Kinetic parameters extrapolated from the force spectra 
The force spectra obtained in our study were shown to follow the theoretical 
prediction from the Bell-Evans model (Bell, 1978; Evans and Ritchie, 1997b; Merkel 











⋅=         (4-1) 
in which the mean rupture force was shown to increase linearly with the natural 
logarithm of the mean loading rate (as reviewed in Chapter 2). Thus, from the 
experimental data, we could obtain the intrinsic unstressed dissociation rate and the 
free energy barrier width by fitting the force spectra with a linear model on the 
a




Tkf B=  in which fβ is thermally activated rupture force and βx  is the 
mechanical reaction coordinate or free energy barrier width. Moreover, the bond life 
time τ(0) and the dissociation rate )0(/1)0( τ=offk of the bond extrapolated to zero 
force could also be derived from eq. (4-1).  
f) Comparison of CD36-IRBCs and TSP-IRBCs interactions at different 
temperatures 
As listed in Table 4-2, at room temperature, koff(0) and xβ derived from the 
Bell-Evans model for CD36 and TSP were 0.0707±0.0138/s, 0.0705±0.0181/s and 
4.263±0.163Å, 4.334±0.236Å respectively. When the temperature increased to 37ºC, 
the , se values changed to 0.0013±0.0012/s, 0.1443±0.0299/s and 7.497±0.743Å
3.653±0.178Å. Force spectra are plotted in Figure 4.8. 
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Tab ractions at different 
Cytoa
le 4-2 Kinetic parameters of CD36-IRBCs and TSP-IRBCs inte
temperatures. 
dherent molecules TSP CD36 
Unstressed dissociation 7.05 x 10-2/s 7.07 x 10-2/s rate, koff (0) (24ºC) 
Barrier width,  
) 4.33 Å 4.26 Å 
Unstressed dissociation 
rate, koff (0) (37ºC) 
1.44x 10-1/s 
Barrier width,  
xβ (24ºC
1.30 x 10-3/s 
xβ (37ºC) 




 CD36-IRBCs interaction and 






























Force spectra of CD36 and TSP at room temperature
CD36: koff(0)=0.0707±0.0138 /s
           xβ=0.4263±0.0163 nm
TSP: koff(0)=0.0705±0.0181 /s





























36 and TSP at 37oC
)
Force spectra of CD
CD36: koff(0)=0.0013±0.0012 /s
           xβ=0.7497±0.0743 nm
TSP: koff(0)=0.1443±0.0299 /s
   xβ=0.3653±0.0178 nm      
B
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Besides, k  at a given external force could be calculated based on Bell’s off
e
)0()( Txoffoff ekFk =        (4-2) 
This indicates how long the bond can remain intact under constant external 
fo
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          (B) 
Figure 4.9 Profile of dissociation rates at given external force at different temperatures. 
(A) Room temperature and (B) physiological temperature. 
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g) 
perature 
Force spectra of CD36-IRBCs interaction and CD36-CIDR interaction are 
shown 
CIDR interaction force appeared consistently and constantly smaller than that of 
CD36-IRBCs interaction. The dissociation rate of CD36-CIDR interaction was about 
75 times that of CD36-IRBCs interaction while the free energy barrier widths of the 
two were similar, the difference was less than 10%. 
 
Comparison of CD36-IRBCs interaction and CD36-CIDR interaction at 
physiological tem





























Force spectra of CD36-IRBC and CD36-CIDR at 37oC
CD36-IRBC: koff(0)=0.0013±0.0012 /s
                     xβ=0.7497±0.0743 nm
CD36-CIDR: koff(0)=0.0963±0.0481 /s
                     xβ=0.6799±0.0587 nm
 
Figure 4.10 Force spectra and the kinetic parameters obtained from CD36 interacting 
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4.2
f Plasmodium falciparum infected red blood cells 
and th
mbrane, could be involved (Cooke 
et al., 2001). Although qualitative studies have identified the diverse array of 
molecules involved in the adhesive interaction, their relevant roles in vivo are difficult 
to gauge as th  interactions vary dramatically (Cooke et 
al., 1994) and very few studies have ever quantified the detailed biophysical properties 
of these interactions.  
Over the past decade since the advent of AFM, it has become possible to 
measure single molecular interaction forces at pico-newton level. Based on the fact 
that the application of an external pulling force to an intermolecular bond will reduce 
the chemical activation energy, and therefore accelerate bond dissociation driven by 
thermal fluctuation, the force associated with ligand-receptor interactions can be 
determined
In this thesis, single molecular force spectroscopy has been applied to explore 
e binding kinetics of CD36 and TSP at both room and physiological temperature. 
he unbinding forces between AFM tip covalently bound receptors and living infected 
.2 Discussion 
Altered adhesive properties o
e consequent sequestration phenomenon have been considered central to the 
pathology of this potentially lethal infection for as long as a century. Numerous studies 
have been conducted to examine the molecular basis of sequestration and 
cytoadherence with a number of in vitro systems. It has been shown that more than 10 
receptors expressed on the surface of vascular endothelial cells in various organs, and 
more than 5 ligands apparent on the infected cell me
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RBCs expressed counter ligands have been measured statistically at different pulling 
speeds.
landscape traversed in force-driven dissociation could be 
reconst
rom a flow based assay (Cooke et al., 1994), previous experiments were 
perform
 No matter how precise the measurement is, unbinding forces are always spread 
in value and depend critically on how fast the bonds are loaded, as discussed in detail 
in (Merkel et al., 1999a). In short, the force acting on the bond is generated by the 
bending of the AFM cantilever, which is not constant but increases with time during 
the pulling process. Most importantly, the rupture of the bond is driven by the 
thermally activated kinetics and facilitated by the external mechanical forces. This 
gives rise to a reciprocal relation between bond lifetime and measured rupture forces: 
bonds under slow loading rates have longer lifetime but exhibit smaller strength, 
whereas bonds under fast loading rates have shorter lifetime but exhibit greater 
strength. By measuring the unbinding force over a range of loading rates, the response 
of adhesion bonds to external stresses under different stress rates could be mapped and 
the chemical energy 
ructed.  
At room temperature, force spectra of TSP and CD36 over the range of  
loading rates tested are nearly identical, which indicates that the two molecules behave 
similarly to arrest infected cells at low temperature. Although it was postulated that 
these two molecules have different values of association rate or on rate (kon) at room 
temperature f
ed on a population of cells and the quantification of binding forces was 
roughly estimated. Also, there was uncertainty in the number of bonds formed in 
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cell-cell or cell-molecule contact in previous assays, though the estimated rupture 
forces from previous studies (Cooke et al., 2001) agreed well with current results.  
Results at physiological temperature are much more revealing. It has been 
shown that the dissociation kinetics of TSP and CD36 are significantly different. TSP 
can withstand a high level of forces at the high loading rate region, but the unbinding 
force decays rapidly when the loading rate decreases. By contrast, CD36 can retain a 
considerable level of binding force even at the low loading rate region (Figure 4.8 B). 
Therefore, TSP behaves as a transient connector whereas CD36 behaves as a persistent 
connector (Evans and Calderwood, 2007). This is important to interpret the functions 
of these two proteins in vivo: TSP may initiate capture of IRBCs in the circulation as 
the bond is strong but short-lived at fast loading rates which are usually experienced 
when a circulating cell first adheres to endothelium, as compared to the similar 
function of selectin in mediating leukocyte migration (Benoit et al., 2000). On the 
other hand, CD36 is able to form strong attachment even under slow loading and is 
insensi
with no force applied has an energy barrier with the height of ∆G. Such a barrier can 
tive to stress rate change. Such long-lived persistent binding is very likely to 
form stable attachment once the cells are captured. Similar function has been found in 
full length cadherin bonds and integrin αLβ2 bonds to ICAM-1 (Bayas et al., 2006; 
Perret et al., 2004). 
By applying the Bell-Evans model to the experimentally identified force 
spectra, the intrinsic chemical potential and energy landscape of the binding complex 
can be extrapolated. As shown in Figure 4.11, the native state of the bound complex 
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be overcome by thermally induced spontaneous dissociation over a natural lifetime of τ. 
In the case of forced unbinding, external mechanical forces decrease the barrier 
potenti
*
al by Fxβ. Thus, the more the force that is applied, the lower the energy barrier 
becomes and finally the thermal fluctuation causes the bound complex to break. The 
characterized energy landscapes for the two proteins showed no difference at room 
temperature but significant difference at physiological temperature. From Table 4-2, 
koff(0) for CD36 at 37oC is more than 100 times that for TSP, which indicates that 
CD36 can form much more stable binding. Moreover, xβ for CD36 at 37oC is about 
twice that for TSP (Table 4-2), indicating that the binding of CD36 is more ‘elastic’ 
and that TSP is more ‘brittle’ (Liphardt et al., 2001).    
 
Figure 4.11 Schematic of energy landscape of CD36 an
temperature reconstructed from dynamic force spectrosco
energy barrier proportional to 1/koff whereas ∆G  is the forc
is the barrier width and F is the applied
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unbound state bound state 
 Purely thermally driven
dissociation  
d TSP at physiological 
py data. ∆G is the original 
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It has been shown by Lo et al. (Lo et al., 2002) that temperature is an important 
factor that affects the dissociation of ligand-receptor complex in both the absence and 
presence of applied external forces. At higher temperature, one could expect faster 
kinetics governed by kBT. In our study, we characterize the force spectra under two 
different temperatures, room temperature and physiological temperature, and have 
shown that the effect of temperature on force spectra is dependant on the binding 
system. For TSP, it has been shown that koff value doubles at 37ºC than that at room 
temperature. This means the binding of TSP to IRBCs is slightly more unstable at 
physiological temperature than that at room temperature. Presumably, this is because 
the temperature increase thermodynamically activates the system to be more unstable. 
However, temperature affects the force spectra of CD36 significantly: koff value at 
room t s 50 times larger than that at physiolo her 
words, CD36-IRBCs interaction is much more stable at phy l temperature. The 
details of such transition are not clear but there could be several possibilities: 
1. Receptors to CD36 at the surface of IRBCs would undergo conformational 
changes from room temperature to physiological temperature and more binding 
sites are exposed or some more receptors are activated
temperature. This could response immediately to the elevated temperature. 
2. The expression and trafficking of the receptors to CD36, but not to TSP, such 
as PfEMP1 (Oakley et al., 2007; Udomsangpetch et al., 2002), are temperature 
 
emperature i gical temperature. In ot
siologica
 at physiological 
dependent and higher temperature may stimulate the parasite to secrete more
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proteins to the surface of the host cell and thus enhances the adherence. This 
may take a period of minutes to hours to take into effect. 
No matter which of these reasons is the real cause, this has raised concern 
about probable biased understanding of binding properties and functions of CD36 and 
TSP from previous measurements conducted at room temperature.   
The most common interaction identified in most of the infected cells appears 
between the CIDR region in PfEMP1 and CD36 (Baruch et al., 1997; Cooke and Nash, 
1995; Hasler et al., 1990; Newbold et al., 1997). It has been demonstrated that the 
recombinant CIDR peptides are able to block and even reverse the interaction between 
infected cells and CD36 (Cooke et al., 1998). In this thesis, we have characterized the 
force spectra of both CD36-IRBCs interaction and CD36-CIDR interaction. At given 
loading rate, CD36-CIDR interaction force is consistently smaller than that of 
CD36-IRBCs interaction at the same loading rate. It is very likely that the CD36-CIDR 







D36-IRBCs interaction but not the sole receptor involved. It has been shown in the 
re that several other molecules on the surface of IRBCs may also interact with 
such as sequestrin (Ockenhouse et al., 1991b), Clag9 (Gardiner et al., 2000; 
lme et al., 2000) or phosphatidylserine (Eda and Sherman, 2002). Diffe
lecules on the surface of IRBCs may act synergistically or in concert to determine 
rall CD36-IRBCs interaction strength.  
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4.2.3 
he kinetics of single 
molecu
the advantage of 
accurat
model, thus we did not introduce any 
correction on the theoretical model. 
Limitations 
This is the first study to quantitatively characterize t
lar ligand-receptor interactions involved in cytoadherence. Compared to 
previous static assay and flow based assays that studied the adherent property of 
populations of IRBCs on different types of molecules, AFM has 
e and sensitive force measurement at the single molecule level under a well 
controlled environment. However, there are two major limitations for the current study. 
One is the unclear type and number of receptors involved in the binding process. The 
other is the verification of Bell-Evans model applied in our system. As discussed 
previously, we have to assign the whole infected cell as an apparent receptor and 
measure the overall rupture forces. This may give rise to large variation in the force 
values and may introduce significant bias if the data are interpreted in the way of a 
single molecule-single molecule interaction system. However, if we isolate the 
receptors on the surface of IRBCs and test pure interactions of the molecules 
individually, we would fail to examine the cooperative interactions and crosstalk 
between different surface receptors, which is important to understand the mechanism 
at the cell level. Additionally, no theoretical studies confirmed the similar logarithm 
relation between rupture force and loading rate if tested on cells. The Bell-Evans 
model may need some modification to be valid for the molecule-cell system. In this 
study, our data still fit well with the original 
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For further studies, more temperature effects such as pathological temperatures 
will be tested to see any change of cytoadherent properties when the patients have 
fever. Moreover, other molecules such as CSA and ICAM-1 will be explored to better 
understand the roles of these proteins in cytoadherence. Drugs targeting the adherent 
properties of these molecules will also be tested in the hope of developing more 
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Chapter 5 Conclusions & Recommendations 
 
5.1 Conclusions 
The main objectives of this project were two-fold. Firstly, to investigate and 
compare the surface morphology of different strains and different species of human 
Plasmodium spp. and Babesia bovis infected red blood cells. Secondly, to quantify 
single molecular binding forces of the ligand-receptor pairs associated with 
Plasmodium falciparum cytoadherence. 
Using the newly developed method in this thesis to combine AFM surface 
imaging with optical imaging on the same cell, we were able to correlate the surface 
morphological changes with the progression of parasite development. It was found that 
the knobs on P. falciparum infected cells appeared and grew in number and mean size 
from the early trophozoite to the late schizont stage. Also, the number of knobs 
increased but the knob size decreased with increase in the number of parasites 
infecting the cell. Studies on different laboratory clones of P. falciparum with different 
genotypes clearly showed that KAHRP knockout strains lacked knobs while those 
laboratory clones with other molecules disrupted showed similar number and size of 
knobs. These results indicate that KAHRP is the key factor for knob expression in 
laboratory clones and the production of knobs is a dynamic process and that knob 
production is not affected by multiple invasion events in the same cell.  
We then extended our studies to clinical isolates of P. falciparum, P. vivax, P. 
malariae and P. ovale. Clinical P. falciparum isolates had different knob phenotypes 
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compared with laboratory clones in terms of knob expression and knob density. 
Although only about 20% of the infected cells from clinical isolates were knobby, the 
knob density on knobby infected cells from clinical isolates was significantly higher 
than knobby cells from laboratory clones. Interestingly, data from our 
immunofluorescence assays indicated that most of the clinical knobless cells were 
KAHRP positive. 
Aside from P. falciparum, this study clearly showed that P. vivax, P. malariae 
and P. ovale IRBCS have their own distinctive surface features. The surface of P. 
vivax IRBCs were covered with caveolae, which appeared from the ring stage onwards 
with the number and size of caveolae kept constant as the parasite matured. These 
caveolae were found to be colocalized with Schuffner’s dots which were found in 
Giemsa stained P. vivax or P. ovale infected cells when AFM images and staining 
images were overlapped. P. malariae IRBCs had knob-like structures expressed on 
both sexual and asexual stages infected cells which freely move in the peripheral 
circulation. Knobs on P. malariae IRBCs were smaller but occurred at a higher density 
than those found on P. falciparum IRBC surface.  
This study is the first to describe a significant number of knobless cells from 
clinical samples of P. falciparum. The absence of the knob phenotype in IRBCs 
positive for KAHRP expression suggests that there might be another crucial factor 
determining knob formation in vivo. The higher density of knobs on knobby clinical 
cells compared to laboratory strains, indicates that laboratory cultured cells gradually 
lose their ability to produce knobs because they do not need to cytoadhere to survive. 
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The surface features of the other human malaria species are found to be consistent with 
the literature and the new quantitative data may help to reveal the respective functions 
of these structures.  
Surface morphology of bovine Babesia infected cells were also studied to 
compare with the results of Plasmodium falciparum infected cells, as the two diseases 
have pathogenic analogs. Ridges were present on the surface of two Babesia bovis 
strains
ns (CD36 or TSP) through flexible 
polym
 and the densities of ridges were found to correlate with the stages of the 
infected cells as well as to the virulence of the strain. This is the first time that surface 
features of Babesia bovis IRBCs have been quantified and the positive correlation 
between the density of surface structures and the virulence of the disease has been 
revealed. This finding suggests that a similar ‘surface feature’ dependant mechanism 
may play a role in determining the severity of P. falciparum infection.  
Apart from surface morphology studies, we also performed single molecular 
force measurement on the CD36-IRBCs, TSP-IRBCs as well as CD36-CIDR 
interactions under different conditions. We first developed the protocol for 
functionalizing the AFM tips with the target protei
er linkers. We then measured the single bond unbinding forces between the 
protein on the tip and immobilized IRBCs or purified CIDR peptide on a substrate 
under different pulling rates and temperatures. Dynamic force spectra were 
subsequently constructed and analyzed using the Bell-Evans model to extract the 
kinetic parameters characterizing the energy landscapes of the interacting systems. The 
binding forces of the proteins tested were shown to increase linearly with the logarithm 
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of pulling rates as predicted by the Bell-Evans model. The dynamic force spectra were 
similar between CD36 and TSP when tested under room temperature but showed 
significant difference at physiological temperature. This may indicate the different 
roles o
interaction.  
f the two proteins in vivo that CD36 functions as the persistent connector or 
‘holder’ to stably bind IRBCs to the blood vessel wall while TSP functions as the 
transient connector or ‘catcher’ that arrests fast flowing IRBCs in the circulation to 
initiate the stable interaction taken by CD36. Besides measurement on living cells, we 
also conducted measurement using CIDR peptide, which was identified as the major 
receptor to CD36 on the IRBCs surface. The interaction force between CD36-CIDR 
was consistently smaller than that between CD36-IRBCs at the same pulling rate and 
temperature. It is possible that some other receptors are also involved in CD36-IRBCs 
interaction and CD36-CIDR interaction is just a subset of CD36-IRBCs 
To the best of our knowledge, this is the first report on the application of AFM 
to compare the surface structures of four human Plasmodium spp. and bovine Babesia 
bovis infected cells as well as to quantitatively characterize the interaction forces and 
kinetic parameters of the ligand-receptor interactions involved in cytoadherence of 
Plasmodium falciparum. Our study not only improved characterization of the surface 
ultrastructure of parasitized cells and the mechanism of cytoadherence, but also has 
provided data on real world clinical isolates which significantly challenges the way we 
understand malaria and Babesia pathobiology.  
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5.2 Recommendations 
In the study on surface morphology, we attempted to examine living cells at 
physiological conditions. However, the difficulty of attaching and scanning 
nonadhesive and highly deformable red cells on the substrate made it very difficult to 
acquire sharp and reproducible images of cell surface using our current system. For 
future work, highly sensitive and high signal to noise ratio scanning methods such as 
that of Mac mode (Magnetic AC Mode) designed by Agilent Technologies (Agilent 
Technologies, Inc., Santa Clara CA), may help to obtain acceptable resolution images 
of the cell surface at physiologic conditions. Besides, imaging of inner surface 
structures, such as the cytoskeleton network, may be of special interest to illustrate 
rearrangement of the spectrin network during infection and may help to answer the 
question of cell stiffening. This can be achieved using our localization technique 
combi
ngle molecular resolution.  
 
ned with shear stress or freeze fracture splitting methods to remove the upper 
membrane of the cell to expose the inner surface structures. 
For the study on cytoadherence force measurement, we are currently unable to 
image the adhesion site to demonstrate that the adhesion occurs in the region where 
knobs are located. This can be done using single molecule recognition and 
simultaneous topography imaging techniques developed by Agilent Technologies 
(Agilent Technologies, Inc., Santa Clara CA) which can obtain a topography image 
and adhesion mapping through a single scan at si
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